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ABSTRACT 

Direct osmotic concentration (DOC) is a novel continuous membrane process .  Two 

co-current streams, separated by a semi-permeable  membrane, are recycled through a 

DOC module .  The turbulent-flow di lute ju ice stream is concentrated by osmotical ly  

extracting water across the membrane into a laminar-flow, concentrated osmotic agent 

(OA) stream . The sem i-permeab l e  membrane is asymmetric, with a non-porous active 

layer ( I 5  !Jm) and a porous support layer ( 1 50 !Jm) .  Membrane solute rej ection was 

greater than 99%. Normal operation ori ents the active l ayer towards the ju ice stream . 

For this study, water (osmotic pressure = 0) was used in  the ju ice channel . The 

rel ationsh ip between water flux rate and the osmotic pressure of the bu lk OA stream was 

asymptotic, reaching a maximum flux of I .  x 1 0-3 kg m -2 s -1, when using fructose OA 

at 1 5  MPa osmotic pressure and 20°C. 

F lux rates doubl ed when NaCI repl aced fructose as OA. A doub l i ng in temperature to 

40°C resulted in a 5 0% increase in fl ux rate. OA solution properties, particularly 

v iscosity and factors affecting diffusion coefficients had a strong influence on flux rates . 

When the m embrane was reversed, with the active l ayer facing the O A  channel  and the 

support l ayer fil l ed only with water, flux rates were 40 to 60% h igher than the normal 

ori entation . 

There were three resistances to water flow associated with: osmosis across the membrane 

active l ayer (Rt) ; diffusion and porous flow across the support l ayer (R2) ,  and; diffusion 

across the boundary l ayer in  the OA channel (R3) . For fructose OA at 0 . 50 

g (g solutionr1 (osmotic pressure = 1 5  MPa),  RI contributed 9% of the total resistance 

to water flux in the DOC modul e, Rz contributed 64% and R) contributed 27%. For an 

iso-osmotic concentration of NaCl OA (0 . 1 5  g (g solutionfl) the relative resistances 

were Rl 1 7%, Rz 44% and R
3 

3 9%.  It was c lear that the water flux from the 

di lute to concentrated stream was more strongly influenced by the support membrane 

and OA solution properties than the active semi-permeab le  membrane itself This 

accounted for the asymptot ic relationship between bu lk OA stream properties and flux 

rate .  

The mathematical model successfu l ly  incorporated these resistances and solution 

properties .  Data calcul ated us ing this model agreed weI! with experimental results .  
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- density of solution at concentration Y, kg m-3 

- tortuosity 

- partial molar volume of solvent i, m3 mol -I 

- osmotic coefficient  

- water potential, J kg -1 

xv 

- posItion at the i nterface between the support l ayer and the velocity 
boundary layer 

- position at the surface of the active layer on OA side 

- active l ayer 

- bu lk  OA free-stream solution and bu lk OA free-stream solution at flow 

channe l  entry 

- fructose 

- com ponent in solution, normal ly  the solvent 

- jui ce circu i t  solution 

- mass  flow 

- membrane 

- number of periods in Fourier series [Equation ( 8 .24)]  

- osmotic agent solution 

- support layer 

- water 



CHAPTER 1 
INTRODUCTION 

A membrane process uses a semi-permeab le  membrane to separate one or more 

components from a solution. The semi-permeab l e  membrane acts as a selective barrier 

between solutions on either s ide of the membrane. The selectivity of the membrane is 

detenn ined by the membrane characteristics, such as, type of membrane matrix, pore 

size, membrane charge or affinity towards the solution component. The properties and 

characteristics of a membrane are dependent on its polymer make-up and on the 

membrane manufactur ing process used . Membranes are produced in a number of 

different forms (e.g.  flat sheet, tubular, hol low fib re, sp ira l ), designed for specific 

module housings which attempt to optimise the flow characteristics along the membrane. 

The membrane process system consists of a membrane and the appropriate module 

attached to a pump which moves the fluid past the membrane .  In some membrane 

processes the pump is used to increase the pressure d ifference across the membrane and 

produce the driv ing force necessary for transfer of components across the membrane. 

M ajor advances were made in the development of membrane processes for i ndustri al use 

in the 1 95 0's, when membranes were developed that were more robust and could 

withstand the h igh pressures required for reverse osmosis (RO) .  RO was stud ied for use 

in  desal ination of sea and brackish water. During this research important break-throughs 

were made in the field of membrane science and technology. RO is sti l l  being 

extensively used world-wide in  the water and wastewater industr ies . Other membrane 

processes such as u l trafi l tration, m icrofi ltration and e lectrodialysis have been 

incorporated i nto the processing industr ies with RO. Over the l ast ten years the use of 

membrane processes has i ncreased in the food and b iotechnology i ndustries (Cheryan, 
1 992) 

The different membrane processes avai l ab le  are distinct from each other based on 

driving force, membrane characterist ics and transport mechanism New membrane 

processes are being developed or o ld  processes are being re-developed as research into 

membrane science and technology expands . The main membrane processes used 

commercia l ly today are RO, ultrafiltration (UF), microfi ltration (MF), n anofiltration 

(NF),  d ialysis ,  electrodial ys is  (ED),  pervaporation (PV) and gas separation (GS) .  Some 

of the newer or re-developed membrane processes are osmotic disti l l ation (00), 
membrane d isti l l ation (MD), l iquid membranes and direct osmotic concentration (DOC). 
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In  RO an h igh hydraulic pressure is exerted onto the feed solution causing the solvent 

to transfer across the membrane. This flow across the membrane is called the permeate 

flow. The hydraulic pressure exerted on the feed solution must be greater than the 

osmotic pressure of the solution forcing the solvent to move against the osmotic 

gradient Membranes used for RO are described as non-porous and allow only the 

solvent (usually water) and some small solutes to pass through. The mechanism of 

transfer across the non-porous layer involves the d issolving of the transferring molecule 

into the membrane matrix, then i ts diffusion across the layer into the permeate stream 
(Cheryan, 1 992) .  

MF,  UF and NF all use porous membranes and separate components primarily based on 
size. NF retains the smallest molecules (0 . 5  - 5 nm) Larger com ponents are retained by 

UF ( 1  - 1 00 nm) and MF (0 . 1 - 1 0  11m) .  The driving force for these three processes is 

an hydraulic pressure gradient across the membrane and the mechan ism used to describe 

the transfer process is flow through pores or porous media (Strathmann, ] 98 1 ;  Lonsdale 

1 982;  Mulder, 1 993 ) .  

During PV a phase change from liquid to  vapour takes place i n  the  transfer process. The 

drivi ng force for transfer is  a partial pressure d ifference across the membrane and when 

the diffus ing component reaches the permeate side of the membrane it evaporates . The 
selectivity of the membrane and the solubility of the compounds i n  the membrane 

i nfluence the separation capabilities of PV (Rautenbach and Albrecht, 1 989) .  

I n  dialysi s  the driving force for movement of low molecular weight compounds across 

the membrane is a concentration gradient The membrane also excludes d ifferent 

components based on s ize. Electrodialysis uses anion and cation selective membranes 
and an electri c field orthogonal to the membrane .  Ions move across the membranes 

under the i nfluence of the electr ic field. I n  liquid membrane processes, l iquids such as 

hydrophob ic  solvents form selective barriers between the aqueous feed solution and the 

aqueous absorption phase The driv ing force across the liquid membrane is a 

concentration gradient The mechanisms involved are permeation and carrier transport 

(Rautenbach and Albrecht, 1 989) Membrane gas separation processes can use porous 

or non-porous membranes. The mechan ism gas transfer is  either based on k inet ic  gas 

principles for porous membranes or based on the solubility of the component i n  the 

membrane and diffusion for non-porous membranes . The driving force in gas separation 

i s  a pressure d ifference across the membrane (Rautenbach and Albrecht, 1 989) .  
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OD and M D  both use hydrophob ic (water hating) porous membranes. As the membranes 

are hydrophob ic  the components that pass through the membrane are in the vapour state 

and the membranes remain dry .  The driving force for movement of solvent  across the 

membrane in OD is a vapour pressure gradi ent wh ich corresponds to the osmotic 

pressure difference between the two so lutions on either s ide of the membrane. One 

solution i s  a h igh ly  concentrated solution exerting a high osmotic pressure. The solvent, 

in its vapour state, moves through the membrane into the concentrated solution on the 

other s ide (Lefebvre, 1 988;  Johnson et aL,  1 989; Sheng et aL,  1 99 1 ; Thompson, 1 99 1 ,  

Mengual et aI,  1 993) .  I n  M D  the driving force for transfer of components across the 

membrane is a l arge transmembrane temperature gradient which produces a water vapour 
pressure gradi ent  across the membrane. The transfer mechanisms in OD and MD are 

based on molecul ar diffusion and flow through pores (Schneider et a l . ,  1 988;  Gostol i  and 

Sarti, 1 989; Schofield et aL , 1 990) . 

DOC is a low hydrau l i c  pressure separation process .  DOC uses the same type of 

membranes as RO, though the driving force i s  the osmotic pressure d ifference across the 

membrane. A solution with a h igh osmotic pressure is  p laced on  the opposite side of 

the membrane to a d i lute solution to be concentrated . The water moving across the 

membrane is taken up by the concentrated solution. The mechanism of transfer was 
postulated to be  the same as RO (Rautenbach and Albrecht, 1 98 9). 

The benefits of membrane processes are that they can operate at rel atively low 

temperatures, therefore, reduc ing any heat damage to products . For many of the 

membrane processes a phase change i s  not required to separate a component from a 

solution .  The energy requirement of RO for concentration i s  less than for evaporation 

(Pepper, 1 990; Cheryan, 1 992) M embrane processes provide the opportunity for 

industries to recover components present i n  smal l quantity or remove undes irab le  

compounds relatively easi l y  compared to other traditional separation methods.  

The l im i tation of membrane processes is  that they suffer from concentration polarisation 

and membrane fou l i ng. Both these factors affect flux rates and operat ing practices which 

can i nfluence the commercial acceptance of a membrane process .  Rapid  membrane 

fou l ing wi l l  result in longer down t imes for cleaning .  Solutions cannot be taken to 

dryness with membrane processes. The main  l im it ing factor for membrane processes is 

the max imum concentration l evel which can be achieved in concentration processes and 

the increase in v iscosity in separation processes. 



4 

RO, DOC, 00, M D  and PY are the membrane processes which are used for the removal 

of water from di lute solutions. RO is the main  membrane concentration process used 

com mercial l y .  Concentration of flu ids by RO is l im i ted by the m ax imum hydrau l i c  

pressure that can be  exerted on the membranes, 4 to 6 MPa (Cheryan, 1 992). Jui ce 

concentration by RO i s  l im i ted to a m aximum of approximately 3 0% soluble sol ids. 

Reverse osmosis also suffers from membrane fou l i ng because of the h igh hydrau l i c  

pressures used . To m in imise the fou l ing problem, l iquids to be concentrated are pre

fi ltered to remove insoluble materials prior to RO. 

In  comparison, DOC operates at relatively low hydrau l ic  pressures and membrane 
fou l i ng i s  less of a prob lem .  Solutions with h igh insoluble sol ids content can also be 

concentrated without pre-fi ltering. The level of concentration achievable in DOC is 

dependent on the osmotic pressure of the concentrating agent but concentrations of 

greater than 30% soluble sol ids can be achieved . A fructose solution at 70% w/w (0.7 
g (g so lutionfl)  used as the concentrating agent has an osmotic pressure of 

approximately 30 MPa. The osmotic pressure of a s ingle-strength frui t  ju ice is 

approximately 1 . 5 MPa and once concentrated to 50% soluble  sol ids i ts osmotic pressure 

is approximately 1 5  MPa. At this concentration level , assuming i deal condi tions, there 

is sti l l  an osmotic pressure gradient  avai l ab le between the concentrat ing agent and the 

frui t  ju i ce concentrate. 

To operate DOC h igh pressure pumps required for RO are not necessary, therefore, 

reducing the capi ta l  cost of the membrane system . But for DOC the concentrating agent 

is d i luted by taking up the water transferring across the membrane and m ust be re

concentrated for continued use (Herron et ai ,  1 995). The ful l  cost of D O C  w i l l  depend 

on the re-concentration method chosen . 

A number of different researchers have investigated DOC for l iqu id concentration, sea 

water desal ination and even power generation (Popper et ai , 1 966; Bo l in  and Salunkhe, 

1 97 1 ;  Loeb and B loch, 1 973 ;  Kravath and Davis ,  1 97 5; Lee et at, 1 98 1 ,  Beaudry and 

Lampi ,  1 990(a» F ruit  and vegetab le ju ices, coffee and tea are examples of l i quid foods 

concentrated by DOC.  It h as also been used to concentrate low grade grape ju ice before 

fermentation to wine and for dealcohol i sation  of grape wine (Herron et aI., 1 995) .  

DOC i s  not a wel l  estab l i shed commercial technique due to current l i mitations of  l ow 

permeate tlux rates . Wi th recent developments in  membrane manufacturing and module 

design, the process now has potential . New apparatus to carry out d i rect osmosis have 

been developed over the l ast e ight years . Osmotek Inc . , USA has developed a DOC 
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module using hydrophi l l ic  membranes, designed specifi cal ly for the concentration of 

d i lute l iquid foods. The DOC apparatus avai lable from Osmotek Inc .  was used in the 

research presented in this thes is .  

Of the other membrane concentration techniques, 00 can also concentrate to h igher 

levels than RO. For increased permeate flux rates in 00 i t  was recommended to pre

treat the feed solution with MD or UF, and pre-concentrate with RO (Canning et ai, 

\996). A group in Austral ia  has developed an 00 process us ing hydrophobic  

membranes . The system is sti l l  being tested at  the p i lot p lant  level (Thompson, 1 99 1 ;  

W i lson, 1 994). The requirement for a temperature gradient i n  MD means i ncreased risk 

of heat damage and loss of fl avours and aromas. MD has been studied for a number of 

d ifferent app l ications but commercia l  or p i lot scale operations have not been reported 

( Sirkar, 1 992). Pervaporation is used industria l ly  to remove water from different process 

streams, such as the dehydration of ethanol and the removal of water from l i quid 

organics. Pervaporation i s  used for separation of organ ic  phases from aqueous phases in 

a variety of industrial processes (Flemmi ng and S later, 1 992). I t  has been i nvestigated 

for the concentration of aroma compounds from fruit ju ices (Bengtsson et a i . ,  1 992) 

For h igh qual i ty ju ice concentrates optimum volati le aroma retention and m inimal  colour 

change due to heat are desirab le .  Thus technologies to concentrate ju ices without heat 

have been sought and used throughout the world. Currently, the main commercial 

process is  Ro. DOC may provide an a lternative means of concentrat ing j ui ces whi le 

retain ing good flavour and colour. DOC ju ice concentrates of h igh qual i ty have been 

produced in factory p i lot p l ant DOC units. When re-di luted back to s ingle-strength they 

h ave a colour and flavour very s imi lar to the original s ingle strength ju ice (Wro lstad, 

1 993 ; Herron et a I . ,  1 995). 

The DOC membrane process developed by Osmotek I nc .  was studied in  order to 

understand the mechan isms and constraints of DOC by model l i ng the process .  RO has 

been extensively model led and the exact transport mechanism is sti l l  argued and debated 

in  the l i terature DOC has not been extensively model l ed, of the smal l number of models 

publ ished, most are based on models proposed for RO . A membrane transport model for 

direct osmosis i s  necessary i n  order to relate the performance to the operating conditions 

and other measurab le properties of the system (Cheryan and N ichols, 1 992). The 

relationships between water flux, boundary concentration and resistances wi l l  be defined 

and the mass transfer characteristics of the system wi l l  be described in relation to the 

feed solution propert ies and the flu id  mechanics in the system. 
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A complete understanding of the forces and mechan isms involved in  DOC wi l l  assist 

with the future development of the membrane process and future operational procedures 

for maximum flux rates. Process model l i ng also results in a cost effective tool for 

experimental guidance, a means of testing new hypotheses, predicting design parameters 

and optimis ing and contro l l i ng the process. DOC has not been thoroughl y  model led and 

tested with extensive experimental data from a commercial DOC system . 

The objectives of this research were to 

1 .  Define the system parameters (channel geometry, fluid properties, membrane 

characteristics), operating and boundary conditions of a DOC module. 

2. Determine the m ass transfer properties of the membrane to solute and solvent. 

3. Define the resistances in the system to solute and solvent flow. 

4. M athematically model the DOC process. 



CHAPTER 2 
LITERATURE REVIEW 

2.1. Osmosis 

Osmosis is the tendency of a pure solvent (usual ly  water) to diffuse across a semI

permeab le  membrane from a so lution of high solvent concentration to one of low solvent 

concentration (Reid, 1 966) Solvent flow continues until concentrations are equal on both 

sides of the membrane .  In this context, a semi-permeable  membrane idea l ly  is a 

membrane that is selectively permeable  to the solvent but excludes the passage of other 

molecules, especia l ly  solutes (Gove, 1 966). 

The driving force for the flow of solvent across the membrane is the difference in 

osmotic pressure between the two solutions. This osr1.1otic pressure is a col l igative 

property of the solution and is a fundamental physical property determined by 

temperature, pressure and solute concentrations ( Atkins, 1 982) .  M anipul ation of any of 

these three parameters wil l  have a profound effect on the solvent flow rate. For example, 

it is possibl e  to impede the flow by exerting a hydrostatic pressure on the concentrated 

solution taking up the solvent. Increasing the solute concentration of the concentrated 

solution can increase the solvent  flow rate. 

I n  thermodynamic terms, the osmotic pressure is equal to lhe pressure required to 

increase the chemical potential of the concentrated solution to that of the dilute solution 

(usual l y  the solvent) (Reid, 1 966; Souriraj an ,  1 970) Col l igative properties are 

experimental properties that are determined by the differences in chemical potential of 

solutions.  The reduction in chemical potential of the solvent because of the presence of 

a solute is reflected in the lowering of the vapour pressure, elevation of the boiling 

point, depression of the freezing point and an increase in the osmotic pressure of the 
solution .  

The chemical potential (fl) of component i (normal ly  the solvent) In a solution IS 
defined in terms of Gibbs free energy (G) by the relation 

dG (2.1 ) 

therefore, at constant temperature and pressure, 
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[ , 1 rw . , T�p"V 

- Gibbs free energy, J 
- entropy, J K -1 

- absolute temperature, K 

- volume m3 , 
- pressure, P a  

- number of moles of component i (norma l ly  the solvent) 

- number of moles of component j (normal ly  the solute) 

fl, - chem ical potential of component i, J mo\ -l 

(Reid, 1 966 ;  K atchalsky and Curran, 1 967 ;  Souriraj an, 1 970), 
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(2,2) 

At equ i l ibrium the solvent's chemical potential must be the same on both s ides of the 

membrane ( Re id, 1 966; Reid, 1 972; Tombs and P eacocke, 1 974). If we start with a pure 

solvent at pressure p" on both s ides of the membrane, the two phases wi l l  be in 

equ i l ibrium having chemical potential flj', If we now add solute to the solvent on one 

s ide, i ts chemical potential is reduced to that shown in the fol lowing equation: 

flJp II) == fl;(P II) + R T !oge aj(P II) 
�l/(P") - chemical potential of the pure solvent at pressure pIT, J mol-! 

flj(Plf) - chemical potential  of solvent i i n  the solution at pressure p", J mol-1 

aj(plf) - activity of solvent in  the solution i at pressure pH (always � 1 ,0) 

p" - pressure, P a  

r - absolute temperature, K 

R - gas constant, 8 3 1 4  J K -1 mol -1 8 , 3 1 4  m3 Pa K -1 mo\ - l 

(2 . 3 )  

The activity of the solvent (aJ can be expressed i n  terms of the vapour pressures of the 

solution Pi and of the pure solvent Pi' as 

. 
Pi - vapour pressure of pure solvent, Pa 

(2 .4) 

Pi - partial vapour pressure of solvent m solution at the same pressure and 

temperature, Pa  

From Equat ion (2, 3 )  the fol lowing equation for osmotic pressure (n:) can be derived 



n - osmotic pressure, Pa 

u, - partial molar volume of the solvent i, m3 mol-! 

and therefore, 

nu. '" R T log [�J 1 e ..-
p, 
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(2 . 5 )  

(2 .6)  

Equation (2 6)  gives values of osmotic pressure which are in good agreement with 

experimenta l ly  determined data (Reid, 1 966; C heryan, 1 992) . However, this  equation 

holds true on ly for di lute solutions or for i deal solvents. Most solvents ( inc lud ing water) 

are not ideal and a new term is required which defines the solvent's dev iation from 

ideal i ty .  The term is the osmotic coefficient, <\>, and is  defined by: 

11:0 bserved (2 .7 )  
11: ideal 

- osmotic pressure experimenta l ly  measured 

11:'deol - osmotic pressure for an ideal solution the same molal  composition 

(Tombs and Peacocke, 1 974). 

Pub l ished data are avai lable on osmotic coeffic ients for aqueous solutions (Lang, 1 967; 

Robinson and Stokes, 1 970; Lobo and Quaresma, 1 989;  James and Lord, 1 992) The 

activity of water (aw) can be determined from the osmotic coefficient us ing the fol lowing 

equation (Sourirajan, 1 970) 

E,mMfI ' 
-

1 000 (j) 
(2 8)  

L, - total number of moles of ion given by one mole of solution (E, 1 for non-
electrolyte solutions) 

m - solution molal ity, mol (kg solventfl 

A1fl - molecul ar weight of water ( 1 8  g mol -I) 

<\> - osmotic coefficient of solution 

Substituting Equation (2 8 )  into (2 .5) for water as solvent, then, 

ERT!vlll I m<\> 
1 000u 

w 

Uw - partial  molar volume of water, m' mol-! 

(Rob i nson and Stokes, 1 970; Souriraj an,  1 970) .  

(2 .9) 
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Values for osmotic pressures of aqueous solutions, calculated using Equation ( 2.9) have 

been pub l ished (Souriraj an,  1970). The osmotic pressure of sugar solutions have been 

measured and these agree with values calculated using Equation (2.9) ( Merson and 

Morgan, 1968; Sourirajan, 1970; M atsurra et ai, 1973; Matsurra et a I . , 1974; Nabetani 

et ai, 1992) Osmotic pressure data for concentrated b inary solutions at d ifferent 

temperatures were also publ ished by Timmem1ans ( 1960). 

For d i lute solutions only and using Raoults law, Equation (2.6) can be s impl ified to the 

fol lowing equation known as the van't Hoff equation: 

n := MRT 

A1 - molar concentration of solute, mol I-I 

(2.10) 

The van't Hoff equation for osmotic pressure only holds for di lute solutions (Tombs and 

Peacocke, 1974). For concentrated solutions (greater than 0.2 mol l -I) this equation is 

not accurate as osmotic pressure increases exponentia l ly with so lute concentration 

(Cheryan, 1992; Nabetani  et a I . ,  1992). 

Osmotic pressure can be estimated from other col l igative propert ies . These 

measurements may i nc lude determining the vapour pressure (Lang, 1967; Souri rajan, 
1970), or depression of freezing point of solutions us ing the fol lowing equation (Reid, 

1966; Reid, 1972) 

r *  f 
T f 
8 
T 
l .... h/i 

T f 

nu. I ( 2.11 ) 

- the freezing poi nt of the pure solvent, K 

- the freezing point of the solution under discussion, K 

- the freezing point depression, K 

- absolute temperature, K 

- the heat of fusion of the solvent i, J mol -l 

The water potential ,  \\I, of aqueous solutions i s  related to the vapour pressure of the 

water in the system, 

\If - water potential ,  J kg-1 

R Tm� ( 2.12) 

Data on experimental and calcul ated water potentials of sodium chloride solutions have 

been publ i shed (Lang, 1967). 
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In accord with fundamental thennodynamics, it i s  poss ib le to impede the flow of solvent 

across the membrane by exerting hydrostatic pressure on the concentrated solution . If 

sufficient hydrostatic pressure is app l ied, the flow across the membrane wi l l  be stopped. 

The hydrostat ic pressure required to stop the solvent flow is equivalent to the osmotic 

pressure of the concentrated solution (Reid, 1 966) The osmotic pressure is the pressure 

of the solution relative to the pressure of the solvent. A further increase of the 

hydrostat ic pressure wi l l  result i n  solvent  moving against the osmotic gradient, from the 

concentrated solution to the d i lute solution . This is  the bas is  of reverse osmosis (Reid, 
1 966) 

2 . 1 . 1 .  E quivalent osmotic  p ressure terms 

The osmotic pressure of a d i lute solution ( less than 0 .2  mol 1 -') can be expressed as a 

concentration term which gives a rel ative measure of the solute concentration that exerts 

the same osmotic pressure as an ideal solution. This is expressed as osmola l i ty (molal 

concentration) or  osmolarity (molar concentration) examp le, a 0.2 Osmolal solution 

of sucrose h as a d ifferent solute concentration (0 . 1 96 molal  or 64 . 2  g , -I) ,  but equ ivalent 

osmotic pressure to a 0 . 2  Osmolal solution of sodium chloride (0 . 1 08 molal  or 6 .25  

g 1 -1 ) .  Osmolal ity (or  osmolarity) provi des an  approximation of the  number of 

osmot icall y  active species per kg of solvent  (or l i tre of solution) .  The ratio between the 
observed osmolal ity of the so lution and the ideal osmolal ity is  equal to the osmotic 
coefficient . However, the defini tion of osmola l ity (or osmolarity) is based on the van't 

Hoff equation and strictly holds true only for di l ute solutions (Tombs and Peacocke, 
1 974) 

For concentrated solutions the osmosity of the solution can be used.  The osmotic 

pressure of a solution can be expressed in a relative sense by comparison of the solute 

concentration to that of a 'standard' sodium chloride solution . The osmosity of a solution 

is the molar concentration (mol \-1) of a sodium chloride solution which gives the 

identical osmotic pressure to the experimental solution .  The value is  usual l y  determined 

from the freezing point depression of the solution .  Values for both osmolal i ty and 

osmosi ty for aqueous solutions are publ ished in l i terature (Tombs and Peacocke, 1 974; 

Weast, et al . 1 984,0272 ; Wolf et ai, 1 984) 

For electrolytic solutions, if the salt dissociates into v ions, the osmotic pressure should 

be v t imes greater than a non-electrolytic solution of the same molal  concentration . The 

ratio is usual ly  between 1 and v, 3..'> partial d issociation usual l y  occurs . For di lute 

solutions of strong e lectrolytes d issociation is assumed complete ( Reid,  1 966) .  
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Osmotic pressure can also be measured directly using osmometers ( Staverman, 1 95 1 ,  

Tombs and Peacocke, 1 974) There are two types of methods used static and dynamic. 

The static osmometers usual ly  have a concentrated solution on one side of a semi

permeab le membrane, in a chamber connected to a manometer. The system is al lowed 

to reach equilibrium and the hydraulic pressure head above the solution is measured on 

the manometer. The dynamic methods involve varying the hydraulic pressure on one 

side of the membrane and measuring the flow rate of solvent across the membrane.  By  

interpolating the results the pressure a t  which there is no  solvent flow can be identified 

as the equilibrium osmotic pressure (Merson and Morgan, 1 968 ;  Tombs and Peacocke, 

1 974;  Nabetani et a i . , 1 992) .  Tombs and Peacocke ( 1 974) also describe a method to 
determine osmotic pressure by measuring the shrinkage or swel l ing of gels .  

2.2. Membra n e  P rocessi n g  

Membrane concentration processes are used to remove water from dilute feed l iquids . 

The basis of a membrane process is a semi-permeabl e  membrane and a driving force to 

transfer one or more components across the membrane.  The driving force can be due to 

a difference in pressure, solute concentration or temperature. The performance of the 

membrane process is influenced by the selectivity of the membrane and the flow rate of 

components through it M embrane concentration processes for liquid foods require a 

semi-permeabl e  membrane that is idea l ly  highly  selective for water and impermeab le  to 
solutes. 

Various membrane processes are availabl e  for the concentration of l iquids and these 

have been outlined in the introduction .  The most common membrane process used 

commercia l ly  is RO . DOC is operated at pilot p lant scale in a commercial p l ant for the 

concentration of smal l volume speciality products . While the other membrane 
concentration processes are important they wil l not be  discussed . 

RO was initial l y  investigated as a method for production of potabl e  water from brackish 

or saline water The first break-through for RO was the discovery of cel lulose acetate 

membranes which could withstand high pressures and produce high fl ux rates with 

reasonabl e  rejection (Reid and Breton, 1 959) .  F lux rates were further improved by the 

development of asymmetric cel lu lose acetate membranes (Loeb and Souriraj an ,  1 962) 

Since these early developments RO h as expanded to the chemical processing industry, 

and the food and biotechnology industries (Cheryan, 1 992) 

In RO the semi-permeabl e  membrane separates the feed solution to be concentrated from 

the solvent An hydraul ic pressure is app l ied to the feed solution .  Once the pressure 
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exceeds the osmotic pressure of the feed solution, water flows across the membrane into 

the solvent stream . The membranes used are impermeable to most solutes, therefore, 

there is little or no loss of solutes from the concentrated solution. Hydraul ic p ressures 

applied range from 2 to 5 MPa, dependent on the osmotic pressure of the concentrated 

solution (Cheryan, 1 992). For examp le, a sucrose solution (0. 3 g (g solutionfl)  at 25 °C 

has an osmotic pressure of approximately 3 . 5 MPa and a sodium chloride solution (0.05 

g (g solutionfl)  has an osmotic pressure of approximately  4 MPa .  

The concepts, transport models and operation of RO have been wel l reviewed in the 

l iterature (Johnson et a! . ,  1 966;  Merton, 1 966;  Souriraj an, 1 970; Lonsdale, 1 972;  Belfort, 

1 977 ;  Lonsdale, 1 982 ;  Belfort, 1 984;  Punzi and Muldowny, 1 987 ;  Rautenbach and 

Albrecht, 1 989; B hattacharyya and Wil liams, 1 992 ; Cheryan, 1 992;  C heryan and 

Nichols, 1 992) .  The key features of RO defined in these references, which have lead to 

the success of RO have been : ( 1 )  The development of asymmetric membranes, 

membranes with improved selectivity and rej ection properties, stronger m embranes able  

to withstand higher pressures ; (2)  The development of membrane modules which provide 

more membrane area and improved fluid flow characteristics, such as hol low fibre and 

spiral wound modules; ( 3 )  The improved understanding of the mechanism of RO with 

a number of different but valid models which provide the transport equations for 

predicting the performance of RO systems. A l l  these key developments have resulted in 

RO systems with acceptab l e  fl ux rates and systems that are now relatively competitive 

with other de-watering processes .  RO has a lower energy consumption than the other de

watering processes p lus, with no thermal input l iquid products sensitive to heat damage 

can be successfu l l y  concentrated (Pepper, 1 990; Cheryan, 1 992) .  

Although RO is used extensively commercial ly ,  there are stil l some limitations  to its use 

in some applications in the food industry These limitations include the relatively low 

water removal rates compared to evaporative processes ; the l imit to the l evel of 

concentration achievable  (approximately 0. 3 g (g solutionr1 for fruit j uices), limited by 

increased viscosity l evels at high concentration (Merson and Ginnette, 1 972 ;  Howel l ,  
1 993 ) ;  high fou ling and concentration pol arisation problems; c leaning probl ems; and the 

requirement of pre-fi ltered solutions containing low levels of insoluble material 

(Lonsdale, 1 972 ;  Cheryan, 1 992) .  

I n  DOC the semi-permeab le  membrane separates the dilute feed solution to be 

concentrated from a highly concentrated solution which has an osmotic pressure much 

greater than the feed solution .  Due to osmosis, water from the feed solution moves into 

the concentrated solution and the feed solution becomes more concentrated. The driving 
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force for DOC is the osmotic pressure d ifference across the membrane which is 

influenced by the relative solute concentrations in  the two solutions. In comparison to 

RO, DOC does not require high hydrau l ic pressures to operate, but both processes are 

influenced by temperature and solute concentrations. The key features of DOC are its 

ab i l ity to concentrate at low temperatures, low hydrau l i c  pressures and to concentrate 

solutions with h igh insolub le  sol ids content (Beaudry and Lampi ,  1 990(a») . 

The concentration of frui t  j uices by direct osmosis is not a new concept Popper et 

al . ( 1 966) was the first to report the development of a d ialyser, set up l i ke a p l ate and 

frame fi l ter press, to concentrate frui t  ju ices. They used a sodium chloride (NaCI)  

solution as  the concentrating agent and cel lu lose acetate membranes which were found 

to retain  sodium ions. Wi th moderate stirring, they were ab le  to concentrate grape j uice 

from 1 6% to 60% soluble sol ids with a fl ux rate of 6 .9 x 1 0 -7 m3  m -2 S -l They a lso 

tested tubular modules of denitrified cel l ulose nitrate membranes with invert sugar as the 

concentrat ing agent With these membranes they observed the transfer of l abel led C l 4 

glucose across the membrane from the concentrating agent into the j ui ce .  

A module  of hol low fibre membranes was used to dewater orange j uice with NaCI as 

the concentrating agent. The hol low fibre membranes were cel lulose triacetate . Water 

flux rates were reported to be 2 x 1 0  -5 kg m -2 s -1 and it was claimed no loss of vo lati les 

from the orange ju ice occurred (Thij ssen and Middelberg, 1 966) .  Tom ato j ui ce ha.c;; also 

been concentrated with cel lophane membranes and polyethy leneglycol as the 

concentrating agent (Thij ssen and Middelberg, 1 966;  Thij ssen, 1 974) .  

DOC was used to concentrate apple, peach and cherry ju ices (Bo l i n  and Salunkhe, 

1 97 1 )  The concentration process was found to be very slow and the loss of volati l es 

was observed in  a l l  the ju ices . DOC has also been used for concentrating orange and 

apple ju ices (Loeb and B loch, 1 97 3 )  Direct osmosis was used for desal ination of sea 

or brackish water, for production of potabl e  water (Popper et aL ,  1 968 ;  Osterle and 

Feng, 1 974;  Kravath and Davis, 1 97 5 ;  Kessler and Moody, 1 976), and for de-watering 

concentrated solutions after reverse osmosis or evaporative processes ( Loeb and B loch, 

1 97 3 ;  Loeb et ai , 1 973 ;  Loeb et ai, 1 97 5 )  Direct osmosis has also been used for the 

production of power, cal l ed pressure-retarded osmosis  (PRO) .  The flow of water across 

the membrane was harnessed and used to run a turbine generator (Loeb , 1 97 5 ;  Loeb, 

1 976; Lee et aI, 1 98 1 ;  Loeb et ai, 1 990; Mulder, 1 992). Models for determin ing the 

water flux  rates and the amount of power generation were presented by Lee et al . ( 1 98 1 ) 

and Honda and Barclay ( 1 990) 
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More recently DOC has been used for concentrating red raspberry juice (Wrolstad et aI ,  

1 993 ; Rommel and Wrolstad, 1 993 ) and other j uices or  dilute beverages such as  orange 

juice, tomato juice, coffee, and for dealcohol isation of grape wines (Herron et a l . ,  1 994) 

During concentration of raspberry j uice, the membranes excluded sugars from the 

concentrating agent and there were on ly  minor differences in the composition of the 

j uices before concentration and after re-dilution of the concentrate. There was 

insignificant alteration in the sensory characteristics comparing the original single

strength j uices, DOC concentrates and evaporated concentrates (Wro lstad et aL ,  1 993) 

Different membranes were found to have different retention of flavonol compounds after 

raspberry j uice concentration (Rommel and Wro lstad, 1 993 ) .  Pulpy cantaloupe juice 

concentrates concentrated by DOC and by evaporation were found to vary in chemical 

composition and in sensory characteristics (Galeb, 1 994) 

The water flux rates obtained with direct osmosis are relatively low compared to RO and 

other concentration processes . This is one of the main reasons which limits its ful l  

adoption commercial l y .  The advantages o f  D O C  over RO are : a higher degree of 

concentration can be achieved, low hydraulic pressures are used, there is l ittl e  or no 

fouling and therefore, unfi ltered l iquid solutions can be concentrated successful ly .  

The application of DOC for low temperature concentration of  liquid food streams was 
considered to be  potentiall y  economical if other auxiliary processes (such as the 

reconcentration of the concentrating agent) could  be operated economica l ly  (Popper et 
aI. , 1 966) Direct osmosis was not considered to be economical for the concentration of 

Dead Sea brine (Loeb et a i . ,  1 97 5 )  or for PRO for power generation (Lee et aI . ,  1 98 1 )  

The main reason for this was rel ated to the observed flux rates which were not as high 

as obtained in RO with the same membrane (Lee et aI ,  1 98 1 ) . F lux rates were not 

directly  proportional  to the osmotic pressure potential ,  from the bulk solutions, across 

the membrane. These problems were mainly attributed to concentration polarisation 

boundary l ayers on either side of the membrane and within the porous support l ayer of 

asymmetric membranes (Loeb et a I . ,  1 97 3 ;  Loeb et ai, 1 ; Kess l er and Moody, 1 976; 

Moody and Kessl er, 1 976;  Lee et ai ,  1 98 1 ;  Honda and B arcl ay, 1 990) The 

concentration polarisation l ayer on the outside of the membrane could  be reduced by 

mixing or stirring . The concentration boundary l ayer within the membrane could only 

be  reduced by changing the structure of the porous support layer. The concentration 

polarisation l ayer in the porous support l ayer is not a probl em in reverse osmosis (Lee 

et aI , 1 98 1 ) .  
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The economics of removing the water from the concentrating solution is  one of the 

major l im itations of DOC . Depending on the concentrating agent this can be carried out 

by solar methods, RO or evaporation . The energy requi red to remove a k i logram of 

water using a trip le  effect evaporator is 400% more than required when using R O  to 

reconcentrate the concentrating agent (Herron et al ,  1 995). Sel ection criteria for the 

concentrating agent and concentration method were out l ined by Herron et a l .  ( 1 995). 

2.3. DOC a pparatus d esig n e d  by Osmote k I n c. 

A DOC process primari l y  for l iqu id food concentration has been developed by  Osmotek 

Inc .  (Caro and Sal ter, 1 98 8). The first module  uti l ised tubular membranes with the d i l ute 

solution to be concentrated flowing down the centre of the tubu lar membrane and the 

concentrating solution (osmotic agent, O A) on the outside (Caro and Salter, 1 988 ;  

Beaudry e t  a I . ,  1 989 ;  M i l l ev i l l e, 1 990). The flow in  the two flow channels  was turbul ent. 

The first membrane modules consisted of 0.6 m to 3 . 0  m long m embrane tubes, 

membrane th ickness was 2 5  to 1 00 )Jm with a molecular weight cut off of 1 00 g mol-I .  

The water flux rate through the membrane decl ined by 25% after 40 hours continuous 

operation and the fru i t  j uice was concentrated to 40% soluble sol ids .  Fou l i ng or 

concentration polarisation was not considered to be a prob lem during concentration 

(Caro and S alter, 1 988 ;  B eaudry et a I . ,  1 989;  M i l l ev i l l ,�, 1 990). There was no movement 

of sugar from the osmotic agent in to the d i lute solution and l ess than 0 . 1 % of the colour 

compounds were l ost from the d i lute solution i nto the OA (Beaudry et a I . ,  1 989; 

Mi l l ev i l le, 1 990) 

The DOC module  was re-designed as a p late and frame apparatus us ing flat sheets of 

DOC membranes (Beaudry and Lampi ,  1 990(a); Beaudry and Lampi ,  1 990(b); Herron 

et ai , 1 994; Herron et aI ,  1 995) The new module design was used for th is  study and 

wi l l  be describe in detai l  l ater. The new module  design ensured turbulent  flow in the 

flow channel contain ing the d i lute solution to be concentrated (Herron et aI , 1 994). 

Membrane foul i ng was min imal and there was no transfer of sugars from the OA across 

the membrane (Beaudry and Lampi ,  1 990(a); Beaudry and Lampi ,  1 990(b); Wrolstad et 

aI,  1 993 ; Herron et al , 1 995)  The aux i l i ary equipment requ ired to run the DOC 

apparatus for fru i t  j uice concentration was described by Herron et aL ( 1 995 ) .  Beaudry 

and Lampi  ( l 990(a)) reported water flux rates of 1 . 1 x 1 0 -<i m" m -2 s -1 for a new 

membrane with a molecul ar cut-otT of 1 00 g mol -1 . 

A number of case studies are provided by Herron et a l . ( 1 995)  to show the economics 

of a DOC system us ing RO to reconcentrate the �A. For the concentration of carrot 

ju ice us ing a DOC unit  from Osmotek, the profit margin after concentration was 
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calculated to be US$ 1 45 ( I  concr] based on a premium concentrate m arket value of 

US$ 3 .96 (I concrl The concentration of especial ly heat sensitive fruit purees would 

lead to savings in shipping costs . The qual ity of reconstituted DOC concentrates of 

tropical fru its was com parable to the s ingle strength puree, so the economics of DOC 

was evaluated by comparing the cost to remove the water and to ship (Herron et a i . ,  

1 995) .  For a system which concentrates 2, 5 00 kg h - ]  mango puree, the sav ings in  

shipping costs was SUS 0 . 3 8 5  (kg  water removedt1 The cost to concentrate tomato 

puree with DOC was found to be US$ 0 . 03 3 ( kg concrl more than by evaporation with 

a trip le  effect evaporator capab le of 5 0,000 kg h -1 The improvement in the quality of 

the frui t  concentrates from DOC would command a premium price, off-setting the 

s l ightly h igher production costs compared to evaporation (Le Friec, 1 994; Herron et aI,  
1 995 ) .  

2.4. Mode ll ing direct osmotic conc e ntration 

The flux rate of water across a homogeneous non-porous membrane i s  proportional to 

the osmot ic  pressure driving force across the membrane (Moody and K essler, 1 976; Lee 

et ai . ,  1 98 1 ;  Rautenbach and Albrecht, 1 989) .  The mass flux rate of water across an 

ideal homogeneous membrane is defined by 

mw - m ass flux rate of water, kg m -2 s -] 

- 1t ) J (2 . 1 3 )  

1tJ - osmotic pressure of di lute solution to be concentrated, juice c i rcuit solution, Pa 

1tOA - osmotic pressure of concentrating solution, O A  solution, Pa  

C - membrane constant, kg m -2 Pa -1 s -I 

When water is separated by an ideal semi-permeab le  membrane from a concentrated 

solution, i n  an ideal system the water flux rate due to osmosis across the membrane is  
directly proportional to the osmotic pressure driving force (Lonsdale, 1 972 ;  Strathmann, 

1 98 1 ;  Cheryan and N ichols, 1 992) This theoretical model holds for systems in  which 

the membrane is  ideal, there are no concentration polarisation boundary l ayers, the 

solution properties are favourab le  ( high diffusivity) and flow conditions are ideal 

(Lonsdale, 1 972 ;  Lee et aI , 1 98 1 ;  Cheryan, 1 992). 

There have been three different models proposed for DOC . The first model is  for a 
counter-current DOC system (Moody and Kessler, 1 976), the second model is based on 
the sol ution-diffusion model and determi nes mass transfer coefficients ( Rautenbach and 

Albrecht, 1 989) and the third model is a resistance model (Beaudry and Lampi ,  1 990(a)) 
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2.4. L Model fo r a counte r-cu r rent d i rect osm osis system 

The first deta i led analysis of the transport equations required to model direct osmosis 

was completed by Moody and Kess ler ( 1 976) They proposed three d ifferent 

mathematical models to describe the mass transport phenomena across an homogenous 

membrane in a counter-current d i rect osmosis module .  Their thi rd model was found to 

agree wel l with experimental results for extracting drinking water from sea water 

(Kessler and Moody, 1 976) .  This model assumed two un-stirred fi lms or concentration 

boundary layers of unknown thickness at the membrane .  They assumed that the 

concentration of solute in the di lute solution side remained constant, that it was an 

infi nite pool of d i lute solution. Solute rejection by the membrane was assumed to be less 

than 1 00% but greater than 90%. Concentration polarisation occurred at the membrane 

surface on the di lute side and d i lution of the solute concentration occurs on the 

concentrating solution (OA) side. 

Equations were derived and solved by numerical i ntegration to calcu late the solute 

concentration in the boundary layers, the mass flow rates of the d i lute and OA solutions 

in  the flow channels, and the water flux rate across the membrane. The model contained 

the design characteristics for the direct osmosis unit  based on the m embrane transport 

properties, the diffusion coefficients of the two solutions and average values for the 
thicknesses of the concentration boundary l ayers . The equations solved to determined 

the membrane flux rate were 

-Dtx) 

aDd ded a.j?Te + 
dqffl - 2  Bcd ldx Bcdw Dd 
ldx 1 "jlT� ( 1 q ... Be 1 -+ -

dw e - q .. �oID. 
L Da Da Bcdw aq", 

Ci - concentration of solute i, mol m -3 

+ 

(2 1 4) 

(2 1 5 ) 

q.,3JD. deds + It RT---s ldx 

5 q �)D ff.pc � e " • 
s D s 

(2 1 6) 

(2 1 7) 

D J(X) - diffusion coefficient of the OA solute averaged in  the y direction, m2 S -I 



- diffusion coefficient of the so lute in the di lute solution, m2 s -) 

h - height of membrane module, m 

I - width of membrane, m 

L - membrane water permeabi l ity coefficient, m s -) Pa- )  

CJm(x) - local membrane fl ux at x d istance along the membrane, m S -I 
R - gas constant ( 8 . 3 1 4  J K -) mo l - 1 8 . 3 1 4  m3 Pa K -) marl ) 

r - tem perature, K 

x - d istance along the membrane, 0 s; x s; h, m 

ui - osmotic coefficient of solute i 

7td - osmot ic  pressure of osmotic agent, Pa 
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7tds - osmotic pressure of d i lute solution solute which has passed through the 
membrane, Pa 

7ts - osmotic pressure of the d i lute solution, Pa 

Od - boundary layer thickness of the concentration polarisation on OA s ide of the 

membrane, m 

- boundary l ayer thickness of the concentration polarisation on di lute solution 

s ide of the membrane, m 

Subscripts 

d - osmotic agent 

s - d i l ute solution 

dw - osmot ic  agent property at the membrane surface 

d\' - d i lute solution solute wh ich has passed through the membrane 

The derivative of Equation (2. 1 6) y ielded a l inear equation for dqrnt..'1:)/ldx. The equation 

was integrated to obtain qm(x) which was again integrated to yield Qlx) , the solvent 

counterflow for the osmotic agent (m3 s -1 ) The change in concentration along the 

length of the membrane was determi ned as it took up the water. This model assumed 
a steady state s ituation and did not consider changes over time 

Kessler and Moody ( 1 976) extracted drinking water from sea water and were able  to 

predict the water flux rates using the model of Moody and K essler ( 1 976) They 

assumed the concentration of the d i lute solution in the module did not change after one 

pass because the mass flow rate of the d i lute solution was much l arger than the water 

flux rate across the membrane 

The equations developed by Moody and Kessler ( 1 976) were not specifical ly  relevant 

to the DOC module developed by Osmotek Inc .  The flow geometries were d ifferent and 
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Moody and Kessler made assumptions that there was an infinite volume of d i lute 

solution and that the membrane was homogenous in structure. 

2.4.2. Solution-diffusion model for asym metric  m em b ranes 

The Osmotek DOC membranes are asymmetric membranes produced using the phase 

inversion princip le .  An asymmetric membrane consists of two layers : one very thin 

active skin layer and a much thicker porous support l ayer. The procedure for 

manufacturing these membranes has been described (Strathmann, 1 990; Mulder, 1 992) .  

The membrane's selectivity and rej ection capab i l it ies are affected by  the polymer type, 

polymer concentration and by the conditions used during manufacturing. The amount of 

interaction (affinity, solubi l ity) between the membrane polymer and the penneating 

species also influences the selectivity (Strathmann, 1 990; Mulder, 1 992; Mulder, 1 993) .  

Rautenbach and Albrecht ( 1 989) model led d irect osmosis taki ng into account an 

asymmetric membrane structure, and membrane and boundary layer resistances . They 

determined the effect of the porous support layer on the transport process in direct 

osmosis and the mass transport resi stances in the boundary layers us ing the concept of 

mass transfer coefficients . Where the mass transfer coefficient through a concentration 

boundary layer was defined by :  

k 
k - mass transfer coefficient, m S -1 

D4B - diffusion coeffic ient of component A in  a m ixture of A and B ,  m2 S - 1 

be - concentration boundary layer thickness, m 

(2 1 8) 

Transport res istances were identified in the two concentration boundary layers on both 
sides of the membrane and in the two membrane layers . The transport mechanism in the 

active skin layer obeyed the solution-diffusion model whereas in the porous support 

layer the convective flow through the pores was described by the pore model . 

Rautenbach and Albrecht ( 1 989) model led di rect osmosis under steady state conditions, 

therefore, water and solute flux were constant at any point in the four layer system (two 

concentration boundary l ayers and two membrane layers) .  Both fluxes were completely 

determined by the concentration difference across the membrane .  set of equations was 

derived using the solution-diffus ion model and the pore model to calculate the osmotic 

fluxes taking i nto account the concentration boundary l ayers and the transport resi stance 

of the porous support l ayer. The equations were derived for two membrane orientations:  

( 1 )  Wi th the active skin layer faci ng the d i lute solution and the porous support l ayer 
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facing the OA;  (2)  With the active skin layer facing the OA and the porous support layer 

facing the d i lute solution . The equations for the first orientation are presented in F igure 

2 . 1 .  To solve this model, three mass transfer coefficients for the two concentration 

boundary layers and the porous support layer, and the membrane constants must be 

determ i ned from experimental data. 

Rautenbach and Albrecht ( 1 989) observed that the effective osmotic pressure d ifference, 

determined by the concentration d ifference across the active skin layer, was considerably 

reduced by the transport resistance of the porous support l ayer. The concentration 

difference across the support layer had the most influence in determ i ning the solvent 
flux An i ncrease in the overal l concentration difference across the membrane for the 

two so lutions (cs2 - cs4) resulted in only a margi nal i ncrease in the effective drivi ng force 
and hence in the osmotic flux.  The s ize of the concentration boundary layers can be 

reduced by  contro l l i ng the flow conditions in  the two flow channels .  They also observed 

that the orientation of the asymmetric membrane had an influence on solvent flux rates 

due to the s ignificant i nfluence of the porous support layer res istances. They model led 

the process for the two possib le membrane orientations and found greater fluxes would 

be obtained when the active skin layer was facing the concentrated OA solution. The 

model was used to produ ce theoretical resu l ts us ing data from RO experiments . The 

model was not tested with DOC experimental data. 

2.4.2. 1 .  M ass transfer coefficients 

The resi stance to m ass transfer in diffusion processes can be described by mass transfer 

coefficients . For diffusive transfer from an interface, the constant which defines the 

relationship between the flux and the drivi ng force for a particular system is the mass 

transfer coeffic ient, usually denoted as 'k! The mass transfer coefficients are considered 

to be analogous to heat transfer coefficients ( Incropera and DeW itt,  1 98 5 ;  Lienhard, 

1 987) .  

Mass transfer coefficients can be determined by a set of dimensionless equations which 

are analogous to the heat transfer dimensionless groups .  The Sherwood number (Sh) is 

equal to the dimensionless concentration gradient and is  related to the concentration 

boundary layer as is  the Nusselt number (Nu) to the thermal boundary l ayer ( Incropera 

and DeWitt, 1 98 5 )  

Sh 

k - mass  transfer coefficient, m S -l 

L - characteristic l ength, m 

kL 
DAB 

(2 1 9) 
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Figu re 2. 1 .  Sol u tion-diffusion model for asy m metric mem branes 
( Source Rautenbach and Albrecht, 1 989)  

Membrane orientated with act ive sk in  l ayer facing the di lute solution and the  porous 

support layer facing the OA solution 

I .  OA solution side concentration boundary layer 

B Cst + v. 
Ab T ::::: e ' B cs] + Ab 

2 .  Porous support layer 

B cs2 + v. Ab T ::::: e p 
B cs3 + 

Ab 
2. Active membrane skin layer 

m V w Ab (cs3 = -w 
Pw 

ms B (csJ - Cs4) 
4 .  Di lute solution side concentration boundary layer 

+ 

+ 

Total vo lumetric water flux rate 

V 
IV 

B 
Ab 
B 

Ab 

V. 
::::: e T, 

Cs4) 



2 

- OA solution s ide concentration boundary layer 

2 - porous support l ayer of m embrane 

3 - active skin l ayer of membrane 
4 - d i lute solution s ide concentration boundary l ayer 

A - membrane permeab i l i ty constant, m s -1 Pa- 1  

B - solute permeation constant, m S -1 

h - osmotic pressure coefficient, m3  Pa kg -1 

Csx - solution concentration at position x, kg m -3 

kx - mass transfer coefficient at position x, m s - )  

V" - volumetric water flux, m} m -2 S -1 

is - thickness of concentration boundary layer, m 

subscripts 

p - porous support l ayer 
s - so lute 

w - water 
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The Reynolds number (Re) is the ratio of inertia to viscous forces . 

II - mean fluid velocity, m S-I 

P - flu id  densi ty, kg m -3 

11 - fluid v iscosi ty, kg m -I S-1 

Re p u L  
11 
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(2 .20) 

The Schmidt number (Sc) i s  a measure of the relative effectiveness of  momentum and 

mass transport by diffusion in the velocity and concentration boundary layers . 

v - kinematic v iscosity, m2 S-1 

Sc 
v (2 . 2 1 ) 

For a set geometry, Sh function of {Re, Sc, geometry } .  d ifferent geometries the 

function for the S herwood number has been defined, usual l y  in the form of 

Sh == e Re m sc n (2 .22) 

where c,  m and n are constants . The exact form of the equation and the values of c, m 

and n can be  derived theoret ical ly  from the boundary layer equations for a particular 

geometry or can be detennined empirical ly  from experimental data ( lncropera and 

DeWitt, 1 98 5 ;  Lienhard, 1 987 ;  Rautenbach and Albrecht, 1 989) . 

Rautenb ach and Albrecht ( 1 989) presented the dimensionless equations for mass 

transport in a tube or across a vertical wal l  in laminar and turbu lent  flow. They also 

describe the d i rect osmosis equipment used to determine the parameters requ ired to solve 

the dimension l ess equations and to determ ine the necessary mass transfer coefficients . 

2.4.2.2. Transport models for membrane processes 

The solution-diffus ion model is one theory used to describe membrane transport through 

a non-porous barrier. This model assumes a l l  transported molecu l ar species dissolve in 

the membrane depending on the phase equ i l ibrium present, then d iffuse through the 

membrane by the same mechan ism that governs diffusion through sol ids and l iquids .  The 

driv ing force for diffusion is a concentration or pressure gradient .  The flux through the 

membrane is described in terms of the chemical potentials (Merton, 1 966) 



m I + u, dy 1 
mi - mass d iffusive flux of component i, kg m -2 S - 1 

Dim - diffusion coefficient of component i within the membrane, m 2 s -\ 

Cim - mass concentration of component i in the membrane, kg m -3 

Ili - chemical potential of component i ,  J mol - 1 

U; - part ial molar volume of component i, m3 mol -1 

p - hydraul i c  pressure, Pa  

y - perpendicular distance across the membrane, m 

25  

(2 .23 )  

For  the  solvent water, the flux rate depends on the pressure gradient driving force. 

Equation (2 .23 ) was integrated to yield 

m w 
D C U wm wm w 

Ap - app l i ed hydrau l i c  pressure d ifference, Pa 

Lln - osmotic pressure difference, Pa  

A - m embrane thickness, m 
w - water 

(2 .24) 

The solute flux across the membrane is  dependent upon the concentration gradient 

Equation (2 . 2 3 )  was integrated to yie ld 

K 

s 

m 
.< 

D K sm LlC . -:--- so/utlOn (2 25)  

- distribution coeffic ient of  solute ( concentration of  solute in 

membrane/concentration of solute in  solution) 

- difference in solute concentrations in  solutions, kg m -' 

- solute 

These equations for the solution-diffusion model are based on h igh membrane 

selectiv ity The solution properties and m embrane thickness are combined into the 

membrane constants, wh ich must be determi ned experimental l y .  They are i ndependent 

of the solution concentrations on either s ide of the m embrane but are dependent on the 

type of solutions and the membrane (Rautenbach and Albrecht, 1 989) Lonsdale ( 1 972) 

reported that the effect of temperature on the permeab i l ity of cel lu lose acetate 

membranes to solutes was dependent on the anneal i ng temperature used during 
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membrane manufacture. For cel lulose acetate and other RO membranes solute transfer 

has been found to increase with increas ing temperature and diffusion coefficients, and 

with decreasing so lution vi scositi es ( Souri rajan, 1 970; Lonsdale, 1 972,  Rautenbach and 

Albrecht, 1 989) .  

For convective flow though a porous membrane, the pore model can be  used to 

determ ine the m embrane flux. The membrane pores are assumed to be paral l el 

cap i l l aries .  Transport within the pore fluid is determined by both viscous flow and 

diffusion The total volumetric flow through a h ighly porous membrane can be described 

using Poiseui l le's law (Merton, 1 966;  Cheryan and Nichols, 1 992;  F ield,  1 993) ,  where 

the pore velocity is  equivalent to the water flux 

v == e v  w w 

Vw - vo lumetric water flux, m3 m -2 S - I  

VW - pore velocity of water, m S -1 

flw - v iscosity of water, kg m -I S - I  

r - pore radius, m 

e - porosity of m embrane 

1: - tortuosity 

A - m embrane thickness, m 

(2 .26) 

The tortuosity factor, 't, accounts for twisting of the pores and increases in effective pore 

l ength . The solute flux is  given by the combined viscous flow and diffusion in the pores 

Ins 
Csm 

de 
In = e v  - D � !) sm sw d y 

- m ass flux rate of solute with in  pores, kg m -2 S I 

- concentration of solute in  the membrane, kg m -3 
- diffusion coeffi cient of solute in aqueous solution, m2 S -1 

V - velocity of fluid in the pores, m s -\ 

( Merton, 1 966) 

2 .4.3.  Resistance model 

(2 27) 

Beaudry and Lampi  ( l 990(a) )  found that the rate of water removal i n  DOC was 

prop0l1ionai to the d ifference in osmotic pressures of the OA and the di lute solution 

during juice concentrat ion .  The proportional i ty constant was approximated as the inverse 

of the sum of four resi stances . Four resi stances were encountered by the water as i t  
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d iffused from the d i lute solution through a foul i ng layer at the membrane surface, across 

the membrane and into the �A .  

RJ i s  the res i stance i n  the juice (d i lute solution) for the water to d iffuse to the foul ing 

layer on the membrane .  

R( i s  the resi stance of any foul i ng layer to the penneation of water to the membrane. 

Rm is the res istance of the membrane to the permeation of water. 

ROA is the res istance in the OA solution for the water to d iffuse from the membrane 

(Beaudry and Lampi ,  1 990(a» . 

The rate of water removal from the j ui ce was expressed as • 

v w 

Vw - vo lumetric water flux rate, m3 m -2 S - 1 

11:0A - osmotic pressure of OA solution, 

11:J - osmotic pressure of ju ice, 

- 11: )  J (2 28)  

Beaudry and Lampi ( 1 990(a» found i t  s impler to  approximate the  flux rate from the 

d ifference in the soluble sol ids concentration or °Brix , where 

Vw == 
k (BOA 

k - proportional ity constant, m s - 1  CBrixr1 

BOA - solub le sol i ds concentration i n  the OA, °Brix 

BJ - soluble  sol ids concentration i n  the ju ice, 

(229) 

Values for the proportional ity constant k were determined from experimental data when 

the concentration difference and operating conditions were kept constant (Beaudry et aI, 

1 989� Beaudry and Lampi ,  1 990(a») .  The main factors affecting the proportional i ty 

constant were temperature, solution concentrations, flu id velocities, membrane thickness 

and membrane molecular weight  cut-off Beaudry Lampi  ( 1 990(a» found that the 

first two factors influence viscosi t ies and diffusion coeffic ients in the sol utions.  W ith 

constant operating conditions and concentration difference across the membrane Beaudry 

and Lampi  ( l 990(a» observed that the proport ional i ty coefficient d id  not dec l ine with 

time, concluding that fou l ing was not occurring and the resi stance RJ had a m inimal 

effect They found this model to agree with what they observed during juice 

concentration where flux rates decreased correspondingly with the reduction i n  the 

concentration difference between the OA and the j ui ce 



28  

2.5. Diffusion in liq u ids 

Fundamental to the operation of a membrane concentration system is the diffusion of 

solutes and solvents across boundary layers . The first l aw of diffusion is F ick's law 

�1 == - CDAB V'X�I 
J 1  - molar diffus ion flux o f  species A, mol m -2 S-1 
XA - mole fraction of A 

(2 . 30)  

DAB - m ass  diffusivity of component A i n  a m ixture of A and B diffusion coefficient 

of component A in a mixture of A and B, m2 S-1 
c - molar concentration of solution, mol  m -3 

v ( a a a ) 
� , ay , az  

vector differentiation operator 

(B i rd et a l .  1 960; Cussl er, 1 984) 

In a binary mixture of A and B, component A will diffuse from a h igh to a low 

concentration of A if a concentration gradient  is present. In a b inary system the diffusion 

coefficient DAB = D8k Diffusion coefficients in l iquids are strongly concentration 

dependent and genera l ly  increase with temperature (B ird et aL, 1 960; Cussler, 1 984; 
Reid et al . ,  1 98 7). 

The diffusion coefficient  is describ ed in a variety of different ways :  

DAA - self d iffusion coefficient  

D.1 > - tracer diffusion coeffici ent  

D IB - b inary diffusion coefficien t  of A In a m ixture of A and B ( inter and intra 

diffusion coefficients exist) 

])1l1 - b inary diffusion coefficient of B in a m ixture of A and 11 

The self-diffusion coefficient, DAA, represents the diffusion of a molecule of component 

A in  itself ( Reid et aL , 1 987)  The DAA for water at 2 5°C is 2 . 299 x 10 -9 m2 s -\ (Easteal , 

1 990; Menting et aI , 1 970) A special case of i s  the tracer diffusion coefficient. 

This is the diffusion coefficient of a l abel l ed molecul e  of component A in  a solution of 

unlabel led component A (Reid et aL, 1 987) .  Tracer diffusion coefficients should not be 

compared to b inary diffusion coefficients as the l abe l led or tagged molecul e  may diffuse 

differently to an unlabel l ed or un-tagged molecule (Cuss\er, 1 984 ;  Reid et aL , 1 987) .  A 

specia l  case of DAB are the i nterdiffusion coefficients, when two solutions diffuse into 

each other . lntradiffusion coefficients arise when a solute i s  introduced to, and diffuses 

through a pure solution or a homogeneous mixture. The diffusion coefficient i s  
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correlated to the or molecular diameter of the d iffusing partic le  and to the molecul ar 

size ratio between the solute ilnd solvent molecul es (Menting et ai ,  1 970;  Cussler, 
1 984) .  

Numerous methods have been developed to experimenta l ly  measure diffusion 

coefficients in b inary systems (Cussler, 1 984 ;  Tyrrel l  and Harris 1 984) .  To avoid 

measuring d i ffus ion coefficients in  every d iffus ion s i tu ation studied, two theories have 

been proposed for d iffusion in l iquids to calcul ate d iffusion coefficien ts from solution 

data. One theory i s  based on absolute reaction rates (Glasstone et aI . ,  1 94 1 )  and the 

other b ased on hydrodynamic  theory (Bird et at, 1 960) .  

Under the reaction rate theory, d iffusion in  a l iquid requ ires that one molecule in  a 

l iquid l ayer moves from one equi l ibrium position to another in  the same l ayer. This 

usual l y  i nvolves a solute molecule s l ipp ing past a solvent molecule .  A molecule moves 

from one equi l ibrium position to the next  by overcomi ng the free energy of act ivation .  

Glasstone  et a l  ( 1 94 1 )  proposed the "hole" theory for d i ffusion, during which two forms 

of energy are required . F i rstly energy i s  requi red to m ake one molecu le  jump to another 

position to m ake a hole .  Secondly, energy i s  requ ired for the diffus ing molecule to jump 

i nto the hole formed. The total energy requi red for diffusion is  dependent on the 

molecul ar s ize and polarity of the d iffus ing species .  Molecul ar attractions (e .g .  hydrogen 
bonding) a lso i nfluence the d iffusion rate. So lvents attracted to a diffusing solute 
molecule wi l l  result  in more rap id  diffusion of the solute through that solvent  (Menting, 

1 970) . W ith i ncreas ing temperature the act ivation energy required for d iffusion reduces 

lead ing to more rap id  diffusion . H igh diffusion coefficients imply a smal l  act ivation 

energy . Described qual itatively, s low d iffusing substances have to form rel atively l arge 

holes for the molecule  in the activated state, therefore, the activation energy is l arge 
(Glasstone et aL , 1 94 1 ) . 

When the solute molecul e  is l arger than the solvent, the movement of the solvent 

molecul e  between equi l ibrium points in the solution determines the activation energy for 

d iffusion (Glasstone et aI . ,  1 94 1 ) . I n  aqueous solutions the transition of water molecul es 

between equi l ibrium points i s  the rate determin ing factor in  diffus ion .  At h igh water 

concentrations, the water molecu les are bound with considerabl e  hydration energy to the 

solute molecules .  This hydration energy must be added to the normal  activat ion energy 

for each water molecule to move from one position to the next (Gladden and Dole, 

1 95 3 )  The activation energy for d iffusion increases l inearly with mole fraction for 

sucrose and glucose solutions (Gladden and Dole, 1 95 3 ) .  
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Using the reaction rate theory the diffusion coefficient o f  a molecule, i n  a n  ideal solution 

of s imi lar mo lecular sized species, can be determ ined using the fol lowing equation 

A k T  I (2 . 3 1 ) 

D"III 
k 

- diffusion coefficient of molecule A i n  a m ixture of A and 13, m2 S -I 
- Boltzmann constant, 1 . 3 8  x 1 0 -23 J K -I 

T - tem perature, K 
11 - solution v iscosity, kg m -1 S - 1 
AI ' �' � - distance between two equ i l ibrium positions, subscript 1 ,2 ,3  - position 

in  x,y.Z direction away from the equi l i brium posit ion 

(Glasstone et aL,  1 94 1 )  

For non-ideal (concentrated) solutions, the fol lowing equation was derived for the 

diffusion coefficient .  The diffusion coefficient in an ideal solution is  represented by the 

self diffusion coefficient of that component (D AA) " 

Y4 - activity coefficient of component A 
x,j - mole fraction of component A 

+ 8 l n y A ] 
8 1n xA 

(2. 3 2) 

!JAA - self diffusion coefficient, is estimated by the geometric average of the two self 

d iffusion coefficients of the ind ividual com ponents A and B, m2 s -\ 

(Glasstone et ai , 1 94 1 ;  Cussier, 1 984 ;  Reid et at, 1 987) "  

The hydrodynamic theory was original ly  derived from the Nernst-Einstein equation The 

b inary d iffusion coefficient is 

It l) w "' k T A 

k - Bol tzmann constant, 1 . 3 8  x 1 0 -23 J K -1 
T - temperature, K 

(2 33 )  

u)F - mob i l ity of part ic le or solute A, the steady state velocity attained by the part ic le 

or solute under the action of a unit  force, m s - }  I N 

(Bird et aI ,  1 960) 

The value of F4 can be calcu l ated using Stokes' l aw, 
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�B - viscosity of solvent 13, kg m - I  s - t 

uA - velocity of part ic le or solute A, m S - I 

R4 - radius of part ic le  or solute A ,  m 

7t - 3 . 1 4 1 59 

By substituting Equation (234)  into Equation (2 . 3 3 ), 

k T 
6 7t 
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( 2 . 3 4) 

(23 5) 

This equation, cal l ed the Stokes-Einstein equation, holds for l arge spherical solutes 

d iffus ing in a continuum of smal l solvent molecules . If there is no tendency for the 

solvent  to stick at the surface of the diffusing solute then the equation is modified from 

67t to 47t on the denom inator (B i rd et aI, 1 960; Cussier, 1 984) When the ratio between 

the molecul ar s izes of the solute and solvent is l ess than five Equation (2 . 3 5 )  is no 

longer va l id .  Errors are especia l ly  large also in h igh v iscosity solutions (Cussier, 1 984) 

The Stokes-Einstei n  equation is  the most commonly  used method for determin ing 

diffusion coefficients . The S tokes-Einstein equation, has also been used as the b as is  for 

deriving empirical equations for calculating b inary diffusion coefficients in  organic  
solutions (Reid et ai . ,  1 987) .  

The S tokes-Einste in  equation i s  the bas is  of the fol lowing s impl ified rel ationship 

between the diffusion coefficient and the v iscosity of the solution, 

D4R 
T oc �a - 1 s: a s: - 0 . 5  (2 . 3 6) 

a - power term for viscosity in  rel ationsh ip with diffusion coefficient, determined 

experimentall y  for each solution 

- viscosity of solution, kg m -I S - I 

This equation has found to be val id for aqueous sugar solutions (Henrion, 1 964; 

Chandrasekaran and Judson K ing, 1 972 ;  Hiss and Cussler, 1 973 ,  Oosting et aI, 1 98 5 ;  

Easteal , 1 990) .  The proportional ity constant required to solve Equation (236) does not 

necessari l y  equal the constants in Equation (23 5 ) .  

DAR i s  propOItional to so lution viscos i ty i n  b inary systems, Oosting e t  al . ( 1 985 )  and 

Reid et al ( 1 987)  reported that DAB oc �a, where -0 5 s: a s: - 1 . Others found DAB oc � -2/3 
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( Hiss and Cussier, 1 973 ; Frey and Judson King, 1 982;  Cussler, 1 984 ;  Easteal ,  1 990) .  For 

viscos it ies below 1 0 -3 kg m - \  s - 1 ,  a = 1 holds, and for v iscosities from 5 x 1 0 -3 to 5 

kg m - I  s - I ,  a Gosting et a l . (  1 985 )  rational ised the use of a = by using the 

theory of absolute reaction rates. 

The b inary d iffusion coefficients of aqueous g lucose or sucrose solutions at 2 5  and 3 5°C 

from very d i l ute (0 .0075 g (g so\utionf1 ) ,  to supersaturated (0 . 80  g (g solutionfl) 

solutions have been pub l ished (Engl i sh and Dole, 1 950;  Gladden and Dole,  1 95 3 ;  

Henrion, 1 964) . Supersaturated sugar solutions are stab le at these supersaturated 

concentrations and are resistant to c rystal l isation as long as the solutions have no 
crysta l l isation nuclei present The diffusion coefficients reported were calcul ated from 

measurements of changes in interference fri nges over time produced in a diffusion cel l 

(Engl ish and Dole, 1 95 0; Gladden and Dole, 1 95 3 ) .  Chandrasekaran and Judson King 

( 1 972) cons idered the diffusion coefficients for fructose and water were the same as for 
glucose and water. 

Tracer d iffusion coefficients for water in sucrose solutions are presented by Easteal 

( 1 990). Tracer diffusion coefficients have been fou nd to have the same relationsh ip  with 
v iscosity as do b inary d iffusion coefficients (Easteal ,  1 990). 

The b inary ditTusion coefficients of two s imi lar solutes can be related by the fol lowing 

equation for glucose and fructose molecules in  aqueous solutions at temperature 7: [ ]a 
_ 11 glucose 

11 fn.ciose 
(2 . 37 )  

glucose 

- b inary diffusion coefficient of fructose aqueous solution at T DC, m2 s -\ 

/) W glucose - mutual diffusion coeffic ient of glucose aqueous solution at T DC, m2  S -1 

- v iscosity of fructose solution at T DC, kg m 1  s -\ 

- viscosity of glucose solution at T 0c, m -\ S � l 

a - power term for v iscosity in  relationship with diffusion coefficient 

Th is equation was derived from Equation (236) (Easteal ,  1 996) As g lucose and fructose 

molecules have the same molecular weight and have s imi lar shapes it was assumed that 

the a term obtained for glucose could also be used for fructose to solve thi s  equation . 

From pub l i shed data on glucose solution v iscosit ies and diffusion coeffic ients at 2 5°C 

(Gladden and Dole, 1 95 3 ), a value for a was determi ned from the fol lowing l inear 

relationsh ip  
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(23 8) 

- intercept of the l i ne  on the y axis  

LOge(l)All /7) was p lotted versus 10ge( l1 )  and from l inear regression analysis, a was 
determ ined to be 0.47 (standard error for a was 0 .0 1 ) . From publ ished solution property 
data for sucrose sol utions at 2 5°C (Engl ish and Dole,  1 950 ;  Gladden and Dol e, 1 95 3 ;  

Henrion, 1 964), a was determi ned to b e  0 . 3 8 (standard e rror for a was 0 .0 1 ) . Oosting 
et aL ( 1 98 5 )  reported a to be 0 . 5 0  for glucose solutions and 0 . 3 7  for sucrose solutions. 

D iffusion coefficients are rel ated to temperature by  the Arrhenius equation (Engl ish and 
Dole, 1 950 ;  Gladden and Dole, 1 95 3 ;  Menting et ai, 1 970; Oosting et aL, 1 98 5 )  The 
d iffusion coefficient data provi ded for glucose solutions at 2 5°C (Gladden and Dole, 
1 95 3 )  was used to calculate the d iffusion coeffic ients for glucose solutions at 1 0, 20  and 
40°C using the fol lowing Arrhenius relationship 

loge (DAB) "" 10geB 
- R T 

(239)  

Equation ( 2 . 3 9) can be  modifi ed to  the  fol lowing equation to  calculate d iffus ion 
coefficients at different temperatures, 

( DA B  1 log __ 

e DA B  I ( - ;  1 (2 .40) 

DAlI - b inary diffusion coeffic ient for A in a m ixture of A and B, at tem perature T, 
m2 S - 1  

D w 1 - b inary d iffus ion coefficient for A in  a m ixture of A and B, at reference 
tem perature 7� , m2 S -1 

13 - constant, determined from intercept of loge(!) versus Il l' 
F,u - act ivation energy, J mo\ -l 
R - gas constant, 8 . 3 1 4  J mo\ -l K -1 
T - experimental temperature, K 
1'] - reference temperature, 298 K 

The activation energy for diffusion in glucose and sucrose solutions was found by 
Gladden and Dole ( 1 9 5 3 )  to be  l i nearly related to mole  fraction .  The mole  fraction of 
a solution can be calculated fro m  the m ass fraction using the fol lowing equation (Weast 
et ai,  1 984), 



x - mole  fraction 

x 

Y - solute m ass fraction, g (g solution) -j 
Mr:, - molecular weight o f  solute, g mo! - \  
MrJ - molecular weight of solvent, g mol - !  

34  

(24 1 )  

The fol lowing rel ationship for glucose, us ing data from Gladden and Do le, ( 1 9 5 3 ), was 
found to hold 

for 0 :S 0 . 3  

I\, (dlffusion) 

xc; - mole  fraction for glucose solution 

1 6 , 9  + 1 20 x(� (242) 

The fo l lowing relationsh i p  was found to hold for sucrose solutions, us ing the data of 
Gladden and Dole ( 1 9 5 3 ), 

(diffusion) 

for 0 :S Xs :S 0 J 5 

Xs - mole  fraction for sucrose sol ution 

1 7 . 9  + 1 56 xs (243)  

Using Equations ( 240) and (242) the  d iffusion coefficients for glucose solutions at  1 0, 
20 and 40°C were determined with publ ished d iffusion coefficients at 2 5"C (Gladden and 
Dole, 1 95 3 )  These are presented in F igure 2 2(a) ,  Using Equations ( 240) and (24 3 )  the 
d iffusion coefficients for sucrose solutions at 20DC were determined from the publ i shed 
d iffusion coeffic ients at 2 5DC (Engl ish and Dole, 1 950 ;  Gladden and Dole, 1 95 3 ;  
Henrion, 1 964) These are also presented in  F igure 2 2(a) 

The b inary d iffusion coeffic ient of component A i n  an infinitely di lute solution of A i n  
B (/Y' 1fJ can be extrapolated from the p lot of b inary d iffusion coeffi cient and 
concentration (Gladden and Dole, 1 95 3 )  The values of All for glucose and sucrose 
so lutions are presented in  Table  2 . 1 .  For sugar solutions, the logarithm of the ditTusion 
coeffic ient ratio ( logeC1Y .1lID,w) )  was found to be l inearly related to mole fraction by 
Gladden and Dol e  ( 1 95 3 ) , 
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Figure 2.2.  Binary diffusion coefficients for aqueous solutions 

B i nary d iffusion coeffic ients (DAB) from pub l i shed data and calculated based on method 

out l i ned in  Section 2 . 5 .  

(a)  Glucose and sucrose solutions. 

Glucose solutions 1 0, 20 and 40°C determined from publ ished 

data using the Arrhenius relationsh ip (Gladden and Dole, 1 95 3 ) . 

Sucrose solutions at 20°C determined from pub l i shed data using 

the Arrhenius relationsh ip  from pub l ished data (Engl ish and Dole, 

1 950; Gladden and Dole, 1 95 3 ;  Henrion, 1 964). 

(b )  NaC I solutions, at 1 8 , 25  and 3 5°C . 

o NaCI so lutions from pub l ished data (Vitagl iano and Lyons, 1 956; 

Lobo and Quaresma, 1 984). 



( b )  3.0 

1 .0 -

0.0  I I I I I 
0 .0 0 .0 5  0 . 1  0 . 1 5 0 .20 0 .2 5  0 . 3 0  

NaCI  concentrat ion (g  (g  solutionr1 ) 



= a x  A at temperature T °C 

DO�B - b inary d iffusion coefficient of solute at infin ite d i lution at T o e, m2 S -I 
a - constant 

37  

(2 .44) 

The values of 'a' which solve Equation (2 .44) for glucose and sucrose solutions at 

d ifferent temperatures are presented in  Tab le 2 . 1 .  

Table 2. 1 .  DOAB and the relationship between log,,(DoAJDAB) and mole fraction for 
sugar solutions 

Temperature DO AB Constant 'a' required to solve Standard 

( x 1 0  -;1 m2 S - I )  10g.(DOdD� = a xd ( 2 . 4 3 )  deviation 

of 

coefficient 

Glucose 1 0°C b 

20°Cb 

25°C ' 

40°Cb 

Sucrose 20°Cb 

25°Cc 

a. Gladden and Dole ( 1 95 3 ) .  

0.47 1 5 . 4  

0.60 1 3 . 7  

0.67 1 2 .9  

0 .93 1 0 . 5  

0.46 2 1 . 9 

0 . 5 2  20.7 

b. Determined from Arrhenius relationship [Equat ions ( 2 40),  (242) and ( 2 4 3 ) ] . 

c .  English and Dole ( \ 950); Gladden and Dole ( 1 95 3 ) ;  Hennon ( 1 964).  

d .  Glucose 0 ::; x ::; 0.3 ; sucrose 0 ::; x ::; 0. 1 5 . 

< 0.0 1 

< 0.0 1 

< 0.0 1 

< 0.0 1 

0 . 1 

0 . 1 

When a salt d issociates in  solution, ions rather than molecules d iffuse. In  the absence 

of an electri c potential ,  however, the diffusion of a single salt may be treated as 

molecular d iffusion (Reid et ai, 1 987) .  The mutual diffusion coefficient for the salt 

(D ill) wi l l  be approximately equal to that of water d iffus ing in the salt solution (DBA) . 
For d i l ute solutions of a single salt, the diffusion coefficient is given by  the Nernst

Haskel l equation : 
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D o m  
+ ( 1 /n J] ( 2 4 5 )  

») 
- l im iting (zero concentration) ionic conductances, (A m -z)( V  m - 1 )  
(mol  m -3) (Re id  e t  a I . ,  1 98 7) 
- valances of cation and anion, respectively 

F - F araday constant, 96,486 C mo l -1 

The Nernst-Hartl ey equation presented next was used by Vitagl iano ( 1 960) to determine 
the diffusion coefficients for NaC l ,  

D�tB 
v _0) . 

+ 
v .O) -

R T  
(

1 + dlnY1 1 = �,( 1 + d l nYi 1 
• + v ) 0) + 0) _ di n e  < d i n e 

v .,  v _ - number of cations and anions d issociating from a molecule 
0) .,  0) _ - mob i l i ty of i ndividual ions,  m2  s - 1  rl K -1 

- activity coefficient of the ionic m edium 
c - molar concentration, mol  m -3 
M;? - m ob i l i ty factor, m2 S-I 

(246) 

Empiri cal re lationshi ps for e lectro lyte solutions have also been proposed ( Reid et ai,  
1 98 7 )  

B inary d iffusion coefficients for NaCI solutions, at 25"C, have been reported b y  Stokes 
( 1 950) ,  determi ned us ing a porous-diaphragm cel l ,  and Vitag l iano and Lyons ( 1 956) 
reported diffusion coeffic ients determined using the Gouy i nterferom etric optical 
technique B inary d iffus ion coefficients for aqueous NaCl solutions at d ifferent 
temperatures have  been calcu lated using the N earnst-Hartl ey equation ( Lobo and 
Quaresma, 1 989) Lobo and Quaresma ( 1 989)  presented a col l ection of publ ished data 
on b inary diffusion coefficients at d ifferent temperatures .  No data were found for b inary 
diffusion coefficients in NaC l  solutions at 20°C 

The diffusion coeffi cient for N aC I  solutions does not vary greatly  b etween 0 and 0 . 25  
g (g  solutionr1 )  a s  shown i n  F igu re 2 .2(b) ,  although there i s  a s ignifi cant i mpact of 
temperature . The m ean b inary diffusion coeffic ients for water in  N aC l  solutions over the 
range 0 to 0 25 g (g solutionfl , from publ i shed data, are presented in Tab l e  2 . 2 .  
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Table 2.2. Mean binary diffusion coefficients for NaCI solutions between 1 8  and 

35()C 

Temperature Mean binary d iffusion Standard n 

eoeftieitmt (m' s - I )  deviation 
K °C 

29 1 1 8  1 .2 7  1 0 -9 4 x 1 0 - 1 1  2 1  

298 2 5  lS I  x 1 0 -9 5 x 1 0 - 1 1  2 1  

308 35  1 . 92 x 1 0 -9 6 x 1 0 - 1 1  1 9  

Source Vitaglian o  and Lyons ( 1 956) and Lobo and Quaresma ( 1 989) .  

2.6. Viscosity of fl uids 

When looking at the flow of, or d iffusion in l i qu id  solutions, a key solution property is 
the v iscosi ty . The v iscosi ty of a solution is  a measure of the flu id's  resistance to flow 
or deformation (Perry et a i . ,  1 984;  Toledo, 1 99 1 ) . Glasstone et a l . ( 1 94 1 )  describes 
viscosity as the measure of the force which must be  app l ied to displac e  one layer of 
l i qu id  paral l e l  to a second l ayer, at a certain velocity . There is  a difference in  velocity 
(a velocity gradient) between adjacent l ayers of molecul es and the resistance of a 
m ateria l  to now or deformation is known as stress .  The shear stress Ct) i s  the term given 
to the stress induced when molecule layers s l i p  past one another along a defined p lane. 
The velocity gradient (du/dy) i s  a m easure of how fas t  one m olecule i s  s l ipping past 
another and is also referred to as the rate of shear. F luids which exhib i t  a l i near i ncrease 
in the shear stress with the rate of shear are cal l ed N ewtonian flui ds and can be 
described by the fol lowing relat ionship where II is the absolute v iscosity, 

du 1: "" II -

dy 

1: - shear stress, kg m -I S -2 
II - absolute v iscosi ty, kg m -I s -) 
U - velocity horizontal to the p lane, m s -) 
V - d istance between two molecule l ayers, m 
( Vennard and S treet, 1 982 ;  P erry et ai, 1 984;  Tol edo, 1 99 1 )  

(2 .47) 

A number of references cover the theory and m easurement of v iscos i ty (Bourne, 1 982 ;  

Vennard and Street, 1 982 ;  Perry et aI,  1 984;  Reid et  aI,  1 987 ;  Toledo, 1 99 1 ;  Steffe, 
1 992) 
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Viscosity of solutions is  often expressed as relative viscosity This is the ratio between 

absolute v iscosi ty of a solution and the absolute v iscosity of the pure solvent at the same 

temperature, 

relative viscosity '" [ 11 1 � 
11 - absolute viscosity of test solution at T °C, kg m - I s - ]  

110 - absolute viscosi ty of pure solvent at T °C, kg m -] s -\ 

(248)  

11/110 - relative v iscosity ; ratio of absolute v iscosity of solution and the absolute 

viscosity of the pure solvent  at T "C 

As for d iffus ion coeffic ients, the temperature dependence of v iscosi ty can be expressed 

in the fol lowing form of the Arrhenius equation (Toledo, J 994), 

If ( �  - ;J 11 - unknown v iscosity at the experimental temperature ( 7), kg m -1 s -\ 

II I - known v iscosity at reference temperature ( T] ), kg m - 1  S -1 

T - experimental temperature, K 

T\ - reference temperature, 298 K 

E" - activation energy, J mol - 1  

( 2 49) 

This can be s impl ified according to the Guzman-Andrade equation ( Perry et a I . ,  1 984; 
Reid et aI , 1 987 ;  S ingh and Heldman,  1 99 3 ;  Toledo, 1 994), 

( 2 50) 

A plot of loge( ll)  versus l i T  wi l l  have an intercept A and slope B The s lope, B is equal 

to !'J/R in Equation ( 249) 

Gladden and Dole ( 1 95 3 )  also found that the activation energy for v iscous flow in 

glucose solutions was related l inearly  to mole fraction The fol lowing relationship was 

found to hold for their data, 

1 6 . 3  + l S l  

for 0 S; Xc;  S; 0 . 3  
F,,(v iscous) - activation energy of v iscous flow, J mo! -l 

(2 5 1 ) 



4 1  

Us ing viscosity data for glucose at 25°e (Gladden and Dole,  1 95 3 ), and Equations (2 .49)  
and (2 . 5  I )  the  viscosity of glucose solutions a t  1 0, 20 and 400e \vere determined and 
are presented in F igure 

Gladden and Dole  ( 1 9 5 3 )  a lso found for g lucose and sucrose that there was a l inear 
relat ionship b etween mole  fraction and relative viscosity ( f..d�o), where b is a constant: 

at temperature T DC (2 . 52 )  

The rel ationship between relative v iscosi ty and mo le  fraction for glucose and sucrose 
solutions at d ifferent temperatures is presented in Tabl e  2 . 3 .  The pub l ished data of 
Norris ( 1 967)  and Wolf et a l .  ( 1 984) for glucose and sucrose so lution viscosit ies at 200e 
agreed with the values calcu lated . 

Table 2.3. Relationship between l og.,(pUl1o) and  mo le fraction of s ugar solutions at 

various  tem peratures 

T eroperature 

Glucose I O°Cb 

20°Cb 

2 5°C' 

3 5°C' 

40°Cb 

Sucrose 2()"C' 

2 5°Cd 

a.  Gladden and Dole ( 1 95 3) . 

�toe Constant 'b' required to  solve 

(kg ro -I S- I )  log.()l!�o) "" b Xf ( 2 . 5 1 ) 

0 .00 1 307 30 .59  

0 00 1 00 2  28.40 

0 .000890 2 7 3 6  

0 .0007 1 9  2 5 . 3 8  

0 .000653 24 .44 

0 00 1 002 56.4 

0 .000890 54 .2  

h. Detemlincd from Arrhenius rel ationship (Equations ( 2 49) and ( 2 5 I )  I 
c .  Norris ( \ 967) and Wolf e t  at ( 1 984) 

d. Gladden and Dole ( 1 953)  

e .  Weast el al .  ( 1 984) . 

f Glucose 0 .:; x 0 . 3 ;  sucrose 0 .:;  x ':;  0. 1 5 . 

Standard 

deviation of 

coeffic ient 

< 0 .0 1 

< 0 .0 1  

0.04 

0 .04 

< 0 .0 1  

0 . 2  

0 . 2  
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Figure 2.3. Viscosity of glucose solutions at different temperatures 

Abso lute v iscosity of gl ucose solutions determined from pub l i shed data (Gladden and 

Do le, \ 95 3 )  and using the Arrhen ius equation [Equation (2 .49)] . 
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2.7. F low of re a l  fl uids 

In a real flu id ,  viscosity provides resistance to motion by causing shear or friction forces 
between flu id  partic les and between the part ic les and boundary wal ls .  For flow to take 
p lace work must b e  done against these resistance forces . 

The flow of flu id  i n  a p ipe  i s  lam inar or  turbulent depending on the velocity of the fluid ,  
the flu id's density and v iscosity and on the d imens ions of the pipe .  I n  laminar flow the 
flu id  partic l es move in an ordered manner along paral le l  stream l i nes or  l ayers . The 
agitation of the part icles within the layers is  on ly  on the molecul ar l eve l .  The shear 
stress between adj acent layers is determined by the v iscosity of the flu id .  I n  turbu lent 
flow, flu id  partic les move in a h eterogeneous entirely h aphazard m anner. This results in 
the m icroscopic m ix i ng of the flowing fluid  (Foust et aL, 1 980; Vennard and Street, 
1 982 ;  Incro pera and D eWitt, 1 98 5 ) . F low i nvolves forces associated with viscos ity and 
inertia .  In l am inar flow, v iscous forces dom inate. When the inertia forces are dom inant, 
the flow is l i ke ly to be turb ulent a lthough both inertia and viscous forces are i mportant 
in turbu lent flow (Vennard and Street, 1 982 ;  Incropera and DeWitt, 1 98 5) .  

The Reynol ds number [Equation (2 .20)] i s  used to characterise the nature o f  the flow 
in ducts and p ipes (Foust, 1 980;  Vennard and Street, 1 982;  P erry et a I . ,  1 984; Incropera 
and DeWitt, 1 98 5 ) .  The lower l im i t  of turb ul ent flow, below which the flow w i l l  always 
be laminar, is defined by the lower critical Reynolds number (Re). This  value is 
approx imately 2 , 1 00 (Vennard and Street, 1 982) .  The critical Reynol ds number is  a 
function of boundary geometry . D ifferent critical Re's are used for d ifferent geometries 
( Vennard and Street, 1 982) .  

The characteristic l inear d imension L, requi red to  calculate the Re, i s  the  d iam eter of 
c ircular p ipes but  for a non-cy l indrical flow channel L is represented by  the equivalent 
hydrau l i c  diameter DH, 

4 x cross sectional area (?f.flow 
welted perimeter 

( 2 53 )  

P erry e t  al . ( 1 984) presented various forms of  Equation ( 2 5 3 )  for various cross-section 
shapes. 

F lu ids flowing past sol i d  bodies adhere to them, so a region of var iab l e  velocity is  bui l t  
up between the body and the free flu id stream . This region is  cal l ed a boundary l ayer. 
The development of a boundary l ayer i s  shown schematical ly in  F igures 2 .4(a) and (b). 
As a flu id  flows i nto a p ipe or channel entrance, flu id  partic les at the wall s  remain at 
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Figure 2.4. Boundary layer formation in laminar flow conditions 

(a) Development of ful ly-developed lam inar flow 

(b) Formation of laminar boundary layer 

Flow is paral lel to the surface in the x-direction with velocity u. Any movement 
of particles perpendicular to the surface move with velocity v in the y-direction . 
Boundary layer thickness, 8, is perpendicular to the flat surface. The free-stream 
velocity, U, is outside of the boundary layer. 
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rest and a h igh velocity gradient i s  developed In the  boundary l ayer. The h igh velocity 
gradients are associated with large frictional stresses in  the boundary layer which cause 
the s lowing down of the flow further downstream i n  the  success ive flu id  e lements . Thus 
the boundary layer stead i l y  thickens downstream along the channel . The flow in the 
boundary l ayer can be e i ther l am inar or turbu lent (Foust et aI, 1 980;  Vennard and 
Street, 1 984, Lienhard, 1 987) .  

The Reynol ds number i s  also used to characterise  the flow in  the boundary l ayer. The 
characteristic d imension used in Equation (2 .20) i s  the boundary layer th ickn ess (0) or 
the d istance along the flow channel (x). Therefore, for the boundary layer the Re is 
written as, 

Re u o p  . I"> _ u x p 
-_ or ,e 

11 11 
(2 . 54)  

The crit ical values for the Re in  the boundary l ayer i s  different to that for the free 
flowing flu id  in the centre of the p ipe, it is approximately 4,000 when 0 is used and 
approxi mate ly  5 00,000 when x is used . B elow these crit ical values the boundary l ayer 
is l am inar (Vennard and Street, 1 984) .  

A schematic d iagram of a boundary l ayer in l am inar flow i s  shown i n  F igure 2 .4(b) 
Typical l y  the boundary l ayer th ic kn ess (0) i s  arbi trar i ly  defined as the d istance from the 
wal l at which the flow velocity approaches to with in 1 % of the free-stream velocity ( U) 
(Foust et ai ,  1 980 ;  L ienhard, 1 987)  In  a laminar flow regime the boundary l ayer 
th ickness can be  estimated at a point x along the channel us ing the fol lowing equation 
whi ch uses Re for the free flowing flu id  in  the centre of the p ipe [(Re)x1 ( Foust et ai , 
1 980), 

x 
4 . 64 

(Re)� 5 
(2 5 5 )  

This equation imp l i es that i f  the velocity i s  h igh o r  the v iscos ity i s  low, when the Re i s  
l arge, then olx wi l l  b e  relatively smal l and the boundary l ayer wi l l  be  th in .  If  the 
veloci ty i s  low the boundary l ayer wi l l  be relatively thick (Lienhard, 1 987) .  

For  flow i n  a p ipe the boundary l ayers can stead i ly  thicken unt i l  they m eet i n  the m iddle  
and envelop the entire flow. At that point  the flow i s  " establ ished" or "fu l l y-developed" 
and there i s  no further change in  the velocity profi l e  (Foust et aI , 1 980 ;  Vennard and 
Street, 1 984 ;  I ncropera and DeW itt, 1 98 5) .  Fu l ly-developed flow in a cyl indrical  p ipe 
is shown in F igure 2 .4 (a) If the Reyno lds number for fu l ly-developed flow is l ess than 
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2 ,  1 00, then i t  is inferred that the ful ly-developed flow has resulted from the growth of 
lam i nar flow boundary l ayers (Foust et ai ,  1 980; Vennard and Street, 1 984) . 

The d i stance from the entry of a p ipe  before ful ly-developed l am inar flow is  given by 
the fol lowing equation, using Re for the entire flow channel 

L '  - entry l ength, m 

L I  ;::; a Re 

a - constant ranging from 0 .05  to 0 .0575  for laminar flow 
(Foust et ai , 1 980;  Vennard and Street, 1 984;  I ncropera and DeWitt, 1 98 5 ) .  

(2 . 56 ) 

These boundary layers are rel ated to flu id velocity and are cal l ed velocity boundary 
layers . Thermal  boundary l ayers (o() may also develop if the flu id  free-stream and 
surface temperatures d iffer .  Concentration boundary layers (oe) m ay develop when the 
concentration at the surface (wal l )  d iffers from the concentration in the free-stream I t  
is the region of flu id  i n  which concentration gradi ents exits and i ts th ickness i s  defi ned 
by oe ( Incropera and DeWitt ,  1 98 5 )  When the three boundary l ayers coexist ,  they rarely  
develop a t  the  same rate and  the  values of 0, 0(, o e  at  a given x l ocation are not  usual ly 
the same. 

For two-d imensional ,  steady-flow condit ions, equations defin ing boundary l ayer 
conditions have been developed. A continuity equation for conservation of mass has 
been derived for a velocity boundary layer, 

o (pu) + 

/I - velocity in  the x d i recti on, m S - 1 
V - velocity in  the y direction ,  m S -l 

P - density of flu id,  kg m -3 

o (pv) 

x - distance along the so l id  surface, m 
y - d i stance perpendicular to the sol id surface, m 

o (2 5 7) 

Equat ing the rate of change i n  the x momentum of the flu id to the sum of forces i n  the 
x direction (Newton's second l aw of motion), the fol lowing equation was derived for 
momentum fluxes i n  the x d irect ion ( au  

p u-:::
ox 

and i n  the y direction 

+ v_ ;;: au ) 
p ) 

CrcYX + + x (2 58 )  



+- - p )  +- y 
ax 

The equations for the associated stresses are 

2 eu 2 (Cu  + _) /l - - - /l -
ax 3 ax 

2 ev 2 ( eu Ov) 
/l - - - /l - + -

ey 3 ax cy 
l yX 11 - + -

( ell ) ex (Jy 

- normal stress, kg m - I  S -2 
- shear stress, kg m -I S -2 
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(2 . 59) 

(2 60) 

l 

subscript - first subscript indicates the orientation, second subscript indicates the 
d i rection of the force 

)( y - components of the body force per uni t  volume, N m -3 
( Incropera and DeWitt,  1 98 5 )  

Equations (2 . 5 7) to (2 .60) can be  solved to determine the velocity fie ld  in  the boundary 
l ayer for two dimensional flow. 

In a therm al  boundary layer the equation for conservation of energy is  

ej pu + pv _ 
cy 

e (k aT) + � (k 01') + (u op + v (Jp ) 
+ Il<l> + 41 )  

(2 .6  

ax cry �y cy 
where i i s  the enthalpy per unit m ass of mixture (J kg - I ), i e + pip . Il<l> is the v iscous 
d iss ipation, defi ned as 

11 <l> { ( ell )2 2[( ell )2 ( )2] 
11 ey +

(rr 
+ 

ex 
+ 

(), 
k - thermal conduct iv i ty, W m - l K -1 
ej - rate of energy generat ion per unit volume, W m -3 
e thermal internal energy per unit m ass, J - I  
<l> - v iscous diss ipation function, S -2 

+ ( 
.
. 'V )2 } 
cy 

(2 62) 

For a b inary mixture in which there are concentration gradients of each species, there 
wi 1 1  be rel at ive transport of the species and conservation of species at each point in the 
concentrat ion boundary l ayer Species A can be  transported by advection and diffusion 



50  

(F ick's law) in  each of  the  coordinate d irections .  B y  taking into account the  advection 
and d iffusion of a spec ies into and out of a contro l  volume the fol lowing equation was 
derived to determine conditions in the concentration boundary l ayer, where the total 
mass density, p, was assumed to be constant ( Incropera and DeWitt, 1 985 )  

o (n OPA 1 + 
,IE ax 

P.\ - density of species A, kg m -3 

(2 .63)  

til - m ass rate of i ncrease of species A per unit volume due to chemica! reactions, 
kg s -\ m -3 

The transfer of  molecules in  the concentration boundary layer is by bu lk  flu id motion 
and d iffusion across a concentration gradient (Incropera and DeWi tt, 1 98 5 )  At the 
surface wal l ,  where there is  no flu id motion, i .e .  at y = 0, transfer i s  by d iffusion only .  

The boundary l ayer th ickn ess, concentration gradi ent, solution propert ies and convection 
mass transfer coeffic ients across the boundary l ayer wi l l  i nfluence the d iffus ion rate of 
molecul es into and out of the boundary layer (Jonsson and Boesen, 1 984;  Incropera and 
DeWitt, 1 985 ;  Lienhard, 1 987 ;  Rautenbach and Albrecht, 1 989).  

2.8. F l ow through porous med i a  

Many m embrane processes involve the flow o f  flu id through porous media o f  uniform 
porosity The equations of continuity and motion m ay be described b y  

modtfied equation of continuity 

1 )any IS law 

£: - porosity, ratio  of pore volume to total volume 
p - flu id  density, kg m -3 

- t ime, s 

( 2 64) 

(2 65)  

i\) - superfic ia l  or D arcy velocity ,  volume of flow through a unit  cross-sectional 
area of the sol id p lus fluid, m3 m -2 S - I 

kp - permeab i l ity of porous media, m2 
� - flu i d  viscosity, kg m -\ s -\ 
P - hydraul i c  pressure, Pa 
i - gravitat ional accel eration, m S -2 
(Bird et a I . ,  1 960) 
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These equations are for laminar flow conditions through a homogenous porous medium 
where the tlow is  vi scosity dominated . The porous medium cons i sts of a set of inter
connected pores that can pass a signifi cant volume of flu id .  Vennard and S treet ( 1 982)  

present the  derivation of Darcy's l aw from the  B ernoul l i  equation for one-dimensional 
flow of an incompressib l e  flu id .  

Convective flow through porous m embranes is  a lso been described us ing the Hagen
Poiseui l l e  equation for the pressure drop across the membrane. Th is is the basis of the 
pore model which has been d iscussed earl i er .  The pore model assumes paral le l  
symmetrical pores, whereas in porous m embranes the pores are more l i ke ly  fol low 
tortuous paths and to hav e  a range of d imensions. F ie ld  ( 1 993) suggests the m embranes 
are more l i ke packed b eds and that us ing the Carmen-Kozeny equation which calculates 
the pressure drop for laminar flow through packed beds wi l l  give a b etter approximation 
of the flux through a porous membrane. Using the Carmen-Kozeny equation ( Foust et 
ai, 1 980) the fol lowing equation can be used to determine the convective flux, 

v 

v - volumetric flux, m 3 m -2 S -I 
e - porosity 
K - dimensionless constant 

e 3 t:..p 
KS 2 � A  

S - surface area of part i cl es per unit  volume of the bed, m 2  m -3 
A - membrane thickness, m 
( Rautenb ach and Albrecht, 1 989;  F i eld, 1 993)  

2.9. Conclusions 

(2 . 66) 

The concepts and thermodynam ic  princ ip les of osmosis and osmotic pressure have been 
wel l  documented for d i lute solutions, but the i nformation avai l ab le  on the practical 
measurement of osmotic pressure in concentrated solutions is  l im ited The m ain set of 
osmotic pressure data for concentrated solutions i s  for N aC I  sol utions . The osmotic 
pressure of  the solution can be  measured, or can be  determ ined by a rel at ive rel ationship 
between osmosi ty and osmotic pressure using data for NaCI  solutions.  

DOC has been investigated over a number of years as a poss ib le  m embrane process for 
l i quid concentration . I t  i s  abl e  to concentrate d i lute l iqu ids at low temperature and low 
hydrau l i c  pressure .  I t  does not have the same l im itations as RO in that l i qu ids can be 
concentrated to a h igher degree, even with inso lub le  sol ids, and fou l i ng is  m in imal . The 
flux rates obtained in DOC at present l im it i ts ful l  commercial acceptance but  if  flux 
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flux rates obtained in DOC a t  present l im i t  i ts ful l  commercial acceptance but if  flux 
rates can be improved, it  can potential l y  compete with RO. 

DOC has been model led mathematical ly for three d ifferent systems for l i quid 
concentrat ion .  Each model  was found to have l im i ted appl i cation to the DOC system 
used in this study .  Therefore, none was suitab le .  DOC has not been model l ed as 
extensively as RO. 

In order to model the DOC process, knowledge solution v iscosity, d iffusion 
coefficients and flow in pipe channels and porous m ed ia  is required. The fun damental 
equations which define these solution processes or properties were described. 



CHAPTER 3 
M A  TERIALS AND MET HODOLOGY 

3.1. Materials a n d  eq uipmen t  

Amaranth dye solu ti on 

A 0 000 1 65 M  (0 1 g I - I ) solution of amaranth dye ( 3 -hydroxy-4-[(  4-sulpho- l 

naphthalenyl)azo ]-2,7 -naphthalenedisulphomc acid  trisodium salt, BDH Chemicals, 

Poole, England) was prepared by dissolving the dye in either RO water or aqueous sugar 

solutions, depending on the usage. 

Ball valves 

PVC ball valves (Ash i ,  J apan) .  

Calipers 

Metric cal ipers (Kanon, Japan or Mitutoyo, Japan) were used with maximum scale ISO 
mm, accuracy 0 .05  m m .  

Chilled water (USA)  

Chi l led water produced in  a ch i l led water p lant, custom bu i l t  a t  Oregon State Univers ity, 
Oregon, U S A  . 

Conductivity meter (NZ) 

Radiometer Conductivity Meter CDM3 with Type CDC 3 1 4 Cell ,  nomi nal cel l  constant 

0 . 3 1 6  cm (Radiometer, Copenhagen, Denmark) .  

Conductivity meter ( U SA) 

Orion Conductivity Meter, Model 1 0 1  (Orion Research I nc,  USA)  

Cooling  coi l  

A 5 . 5  m stain less steel tube ( inside diameter 4 mm, outs ide d iameter = 7 mm) formed 

into a coi l  with an outs ide diameter of 1 1 0 mm .  Propylene glyco l  (Mob i l  O i l ,  NZ) was 

circu lated within the coi l  in NZ and ch i l led water in  USA .  

Density meter 

PAAR C alculating Density M eter DMA 5 5  (Anton Paar K G , Graz, Austria) Density 

meter operated at 20 ± 0 1 °C .  

5 3  
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Desiccator 

Glass desiccator conta in ing s i l ica gel desiccant, b lue indicating (Aldrich Chemicals, 
Wisconsin, USA) 

Disposable membrane fil ters 

Mi l l ex-HA O .4S �m fi lters (Mi l l i pore Corporation, Massachusetts, USA) .  

DOC module 

Smal l  laboratory and p i lot p lant DOC modules supp l i ed by Osmotek Inc ,  Oregon, USA 

DOC membranes 

Osmotek Type B membranes supp l ied by Osmotek Inc, Oregon, USA Two batches, 

Batches 1 and 2. Rol l ed sheets of membrane were stored at 4°C with water contain ing 

P3-0xonia active sanitiser (0 05% v/v) inside sealed p lastic bags .  

Dye feed vessel 

One l itre p lastic bott le, with an out let at the base fitted with a nylon barbed hose 

connector (Tefen, Israe l )  

Evaporator (NZ) 

Centri-therm CT I B-2  (Alfa Laval ,  Lund, Sweden) .  

Evaporator ( U SA)  

Centri-thenn CT I B- l  (Alfa Laval,  Lund, Sweden) .  

Fructose osmotic agent 

The fructose osmotic agent was made with food grade crystal l ine  fructose (99 .9% purity) 

( In NZ Cornsweet crysta l l ine fructose, ADM Corn Processing, Iowa, USA.  In USA.  

Krystar crysta l l i ne fructose, Staley MFG Co , I I lonois, USA)  RO water was used 

in NZ and in the USA tap water ( l  03 �mhos cm - I ) was used instead as RO water was 

not avai l ab le  in the p i lot p lant 

The osmotic agent was m ade up in 50 or 1 00 l i tre batches. The required weight of sugar 

was weighed on an e lectronic balance ( S artorius F l S0S-* D2,  Sartorius GMBH, 

Germany) in  NZ or the OA balance in  the U S A, then made up to the final weight with 

RO or tap water. The solutions were mixed with a paddle  stirrer unt i l  the solute was 

completely dissolved. The osmotic agent solutions were stored at 2°C for up to four days 
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prior to use. These solutions were stored at �20()C i f  they were not used within four to 

five days. 

Glass sample vials 

Four m i l l i l itre glass Sunvial v ials  with fitted polyethylene caps (Sun International 

Trading Ltd, North Carol ina, USA)  

Glucose osmotic  agent  

The glucose osmotic agent was made up as described for the fructose osmotic agent with 

food grade glucose dextrose monohydrate (dextrose equivalent 99 . 0%) (Prasertchai Co. 

Ltd, Thai l and  via APS Chem icals Ltd , Auckland, NZ) 

Hel i u m  gas 

Hel ium UHP, purity 99 .999% (BOC Gases, Auckland, NZ) 

H igh p ressu re liquid chromatography ( HPLC) (NZ) 

Shimadzu l OA Series HPLC System (Sh imadzu Corporation, Japan) comprised of a 

Sh imadzu CBM- I OA com munication bus modul e, Shimadzu LC- I OAD l i quid 

chromatograph solvent  del ivery system and Shimadzu S IL- l OA auto inj ection system . 

H P LC (USA)  

HPLC system consisted of a Varian 5000 l iquid chromatograph solvent delivery system 

(Varian, U SA), Perk in  Elmer LC I I OO laboratory com puting integrator (Perk in  Elmer, 

USA)  and a Beckman 50 1 auto sampler (Beckman I nstruments, USA) .  

H PLC col u m n  (NZ) 

Zorbax-NH2 column (4 6 x 250 cm) (Rock lands Technologies Inc, U SA), used as a 

reverse-phase column .  

HPLC col u m n  (USA)  

Aminex CHO HPX-87C column (7 8 x 3 00 cm) (BioRad Laboratories, Cal ifornia, USA),  

used as a reverse-phase colum n .  

H P LC detector (NZ) 

A Waters Model R40 1 refractive index detector (Waters Associates, U S A) 

H PLC detector ( U SA)  

A Varian refractive i ndex detector (Varian, USA) .  
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H PLC mobile phase (NZ) 

Eighty percent by  volume acetonitri l e  (Chrom AR grade, Mal l inckrodt Chemicals, 

Kentucky, USA) and 20% by volume ultra pure water were combined and fi ltered under 

vacuum through one membrane fi l ter (Mi l l i -HA OA5 fi lters, 47 mm diameter, M i l l ipore 

Corporation, M assachusetts, USA) .  The mob i le phase was stored at 20°e. 

H PLC mobile p hase ( U SA)  

Ultra pure water conta ini ng 200 mg I - I calcium ni trate (Ca(N03) 2) (Merck Chemicals, 

USA) .  The Ca(N03)2 was included in the mob i l e  phase to ensure Ca, the counter ion on 

the column, was maintained. The mob i l e  phase was stored at 20°e . 

H PLC s ugar standards 

DC -) fructose ( S igma Chemicals, Montana, U S A  or Aldrich Chemicals, W isconsin, 

USA) ,  D( +) glucose and sucrose ( S igma U ltra grade, S igma Chemicals, Montana, USA) 

were dried in  a vacuum oven at  7 5°C and a vacuum of 760 mm Hg for approximately 

24 hours. They were p laced in a desiccator and cooled prior to weigh ing out. Weight by 

weight standards were made up and d i luted with ultra pure water. 

Juice circuit feed vessel 

P lastic one l itre graduated measuring cyl inder (Azlon, UK), with an out let at the base 

fi tted with a nylon barbed hose connector (Tefen, I srael) . 

Juice circuit pump (NZ) 

A Masterflex 70 1 9 peristalt ic pump head (Cole-Parmer, I I lonois, USA) ,  driven by a DC 

motor ( Leeson DC motor 1 80W, 1 750  rpm, Leeson Electric Corporation, Wisconsin ,  

USA) .  The pump motor was control led with a variab le  speed contro l l er (Electropar DC 

Speed Contro l ler 240 V AC input/ I 80 VDC output, Electropar, Auckl and, NZ) . F low 

rates could be  control led from 3 .4 x 1 0 -D to 1 . 5 x 1 0 �4 m3 S �l 
Ju ice c ircui t  pump ( U SA)  

Centrifugal pump (Little Giant 1 1 5V, 60Hz, U SA) for both smal l  and l arge DOC 

modules .  The flow rate in  the ju ice circuit was control led with a bal l  valve p laced in  l ine 

after the ju ice pump .  

Mercury calibration thermometer 

C al ibrated m ercury thermometer ( Insti tute of Environmental Science and Research Ltd 

(ESR) ,  Auckland) . 
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Nylon fitt ings 

Nylon 66 fitti ngs from Tefen, Israel (barbed hose connectors, tee j unctions etc , with 

BSP  sizing) .  

Osmotic agent (OA) balance (NZ) 

Precisa Model 8000D-24000G electronic balance (PAG Oerl ikon Ag, Zurich, 

Switzerland). Dual range balance, capacity 24 kg, readabi l i ty 0 .000 1 kg up to 8 kg and 

0 .00 I kg up to 24 kg. 

OA balance ( U SA)  

AND Model PV-60K electronic balance (A & D Mercury, USA) .  C apacity 60 kg, 

readab i l ity 0 .02  kg. 

OA circuit p u m p  (NZ) 

A Masterflex 70 1 9  peristalt ic pump head (Cole-Parmer, 1 l I0nois, U SA), driven by a DC 

motor (Leeson DC motor 1 80W, 1 750  rpm,  Leeson Electric Corporation, Wisconsin ,  

USA) The pump motor was contro l led with a variable  speed contro l ler (Electropar DC 

Speed Contro l l er 240 VAC input/ I 80 VDC output, Electropar, Auckland, NZ) . F low 

rates could  be control led from 6 x 1 0 -6 to 1 . 8 X 1 0 -4 m3 S-I 

OA circuit pump ( USA) 

A M asterflex 702 1 -2 1  peristalt ic pump (Cole-Parmer, I l lonois,  U S A) ,  contro l led with a 

M asterflex variab le  speed contro l ler (Cole-Parmer, 1 l I0nois, USA) .  F low rate range 
7 x 1 0 -6 to 5 X 10 -5 m3 S-1 

OA reservoir (NZ) 

A 25  l itre p lastic tub (Payless P lastics, Auckland, NZ) 

OA reservo ir  (USA) 

A 30 and a 50 l i tre p l astic tub (Rubbermaid, U S A) were used for the smal l  and l arge 

laboratory DOC modules, respectively 

OA stirrer (NZ) 

Stain less steel axia l  impel ler ( 8 5  m m  diameter) was attached to a sta in less steel shaft to 

form the m ixing propeller .  The propell er was attached to a IKA-Labortechn ik  RE 1 6  

variab le  speed motor (Janke and Kunkel GMBH & Co , Germany) .  
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OA sti rrer ( USA) 

The same propel ler as used with the OA stirrer (NZ) was attached to a variable speed 

dri ! l  

P3-0xonia active 

P3-0xonia active, peroxyacetic acid sanitiser (Klenzade, Ecolab, Minnesota, USA) 

Pasteuriser 

Stain less steel tubular heat exchanger built by HortResearch, Auckland, NZ, with a 

Honeywell  contro l ler (Honeywel l ,  Pennsylvania, USA) and Watson-Marlow 603 UO 

peristaltic pump with a Watson-Marlow 5 0 1 T control ler (Watson-M ar low Ltd, Cornwall ,  

England) .  

Potassiu m  ch loride so lution 

Potassium chloride (KC! )  ( AnalaR grade, Chemicals, Poole, Engl and),  0 . 7456  

was d issolved and m ade up to 1 000 m l  with ultra pure water a t  2 5°C . Thi s  standard 

reference solution has a conductiv i ty of 1 4 1 3  Ilmhos cm -) at 25°C (Clesceri et a i , 1 989) 

Plastic bucket 

Ten and 20  l itre Polypai l p last ic buckets (Nexus CPI Containers, Auckland, NZ) 

Pressu re gauges 

Haenni pressure gauges with 63 mm dial and l iquid fi l l ed (Haenni ,  Switzerland), 

pressure range of 0 - 1 00 kPa. Pressure gauges were fitted to d iaphragm seals ( 3000 

Nitri le, fi l led system) ins ide stain less steel hous ings ( Appl ied I nstruments, Auckland, 

NZ) 

PVC tubing 

Polyvinyl chloride (PVC) non-toxi c  clear tubing ( 1 0  mm internal d iameter, 1 4  mm 

outs ide diameter) (Paykel Engineering, Auckland, NZ) 

Refractometer ( NZ) 

Atago ABB E  Refractometer Type 3 02 and Atago l l Iuminator (Atago, Japan) .  

Temperature of prism determined with thermometer fi tted to refractometer. 

Refractometer ( U SA)  

Reichert Auto Abbe Automatic Refractometer (Reichert Scientific Instruments, New 

York, USA) .  Automatic temperature compensation .  



59  

Reverse osmosis water (RO water) 

RO water obtained from a Mi l l i -RO 20 Reverse Osmosis  Water System (Mi l l i pore, 

Massachusetts, USA) The specifi c  conductance of the water was < 3 00 j.lmhos cm -1 

Rheometer 

Boh l in  VOR Rheometer (Bohl in Reologi AB, Sweden), with the C25 measuring system 

(concentric cy l inders, cup and bob) and 4 .62 g cm -] torque bar. 

Sil icone tubing 

S i l i cone tub ing (3 . 5  m m  internal d iameter, 6 mm outside diameter) (Bio lab Scientific, 

Auckland, NZ) 

Sodiu m  ch loride osmotic agent 

The sodium chloride (NaCI )  osmotic agent was made up as described for the fructose 

osmotic agent with food grade crystal l i ne sodium chloride (purity 99. 8%) contain ing no 

added free flowing agent or iodine (In NZ: James NZ Ltd (NZ Salt), Auckland, 

NZ. In U S A  Cargi l l  Top F lo Evaporated Salt, Carg i l l  International, M i ch igan, USA . ) .  

Sod ium ch lo ride standards 

Sodium chloride (NaCl )  ( AnalaR grade, BDH Chemi cals, Poole, England)  was dried in 

a vacuum oven at 7 5°C and a vacuum of 760 mm for 24 hours . It was cooled and 

p laced i n  a desiccator for two weeks prior to weighing out .  Weight by weight standards 

were m ade up and d i luted with u l tra pure water. The concentration of the standards was 

checked by measuring their spec ific conductance with a conductiv i ty meter. 

Sucrose osmotic agent 

The sucrose osmotic agent was made up as described for the fructose osmotic agent with 

food grade crystal l ine sucrose (purity 99 .9%) (NZ Sugar Company, Auckland, NZ). 

Tem perature probe and display uni t  

Digi-Temper TDS temperature probe (Tsuruga Electric Works Ltd , Japan), with an 

accuracy of 0 1 °C .  

Tubing damp 

Polycarbonate tub ing c lamps (Bio lab S ci entific, Auckl and, NZ) . 
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Ultra pure water 

Ultra pure water obtained fron: a Mi l l i-Q Plus Ul tra Pure Water S ystem (Mi l l ipore, 

Massachusetts, USA) .  The specific conductance of the water was 0 .42 ± 0 .04 Ilmhos 
cm - I .  

U ltrasil 53  

U ltrasi i  5 3  enzymatic  detergent (Klenzade, Ecolab, Minnesota, USA) .  

Vacuu m  oven 

Thermostat vacuum oven (Townson & Mercer Ltd, Croydon, Eng land) .  

Video camera 

Sony Handycam 8 mm video recorder ( Sony Corporation, Japan) .  

Water bath heater (NZ) 

Techne Tempette Junior TE-8J  water bath heater, circulator and contro l ler (Techne Ltd, 
Cambridge, UK). 

W ater bath heater ( USA) 

Brinkmann Model IC-2 water bath heater, circulator and contro l ler (Brinkmann, USA) 

3.2. M ethodology 

3.2. 1 .  Density 

Three m i l 1 i l itres of sample was injected into the dens ity meter, temperature contro l led 

at 20 .0 ± 0 l oe The cel l was al lowed to stab i l ise before readings were taken . After each 

sample the cel l was twice flushed with glass disti l led water. 

The meter was cal ibrated with glass disti l led water, for which the density reading was 

997 . 1 5  kg m -3 at 200e Readings from the meter were uncorrected density values . The 

densities were corrected for the buoyant effect errors which are the errors due to the 

d ifference between the volume and densi ty of the unknown and the volume and density 
of the weights used as standards (Kenner and O'Brien ,  1 97 1 ) . Measured densities were 

corrected as fol lows 
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corrected P I 20·C samp e, 
corrected P waler, 20.C uncorrected P sample, 20.C X (3 . I )  

uncorrected P waler, 20.C 

corrected Psample, 20.C uncorrected 

3.2.2.  Refractive index 

998 .20 
P sample, 20"C X 997. 1 5  

(3 .2) 

The refractive index of samples were determ ined with a refractometer (NZ or USA). The 
refractometers were cal ibrated with ultra pure water. The refractive index and prism 
temperature were recorded for each reading. The refractive index was corrected to 20°C 
using Tab le 3 . 1 .  Each sample was measured three times and the mean value determined. 

3.2.3. Viscosity 

A rheometer was used to determine the absolute viscosity of various solutions at 
control led temperatures . The shear number range 44 - 56 was covered, the torque range 
was greater than 1 % over th is range for al l samples. The absolute viscosity value 
(kg m -I S -I ) was taken from the viscosity reading given at a shear rate of 2 .9 1 X 1 02 S -I ,  

shear number 5 3 .  Approximately 1 3  ml of  sample was poured into the cup into which 
the bob was lowered. The temperature of the cup was equi l ibrated to the desired 
temperature ( 1 0, 20 or 40°C) before the measurement was carried out. For each solution 
the absolute viscosity was the average of dupl icate samples measured . 

3.2.4. Specific conductance 

Specific conductance was determined with manual temperature compensation (at 20°C), 
with the conductivity meters used. The meter was checked and calibrated with ultra pure 
water (specific conductance less than 1 �mhos cm -1 ) and with 0 .0 1 M KCI at 25°C . 

For the conductivity meter (NZ), the samples, equi l ibrated to 20°C, were drawn up into 
the conductance cell and the value of the conductance read from the analog scale. For 
the conductivity meter (USA), the conductivity electrode was immersed into the sample 
and the conductance was read off the digital read out Each sample was measured three 
times and the average value determined . 

3.2.5. Sto rage and re-concentration of osmotic agents 

At the end of a day's processing the sugar solutions were pasteurised, at 95°C for 30 
seconds, cooled to 72 °C, then stored at 2°C . 
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Table 1 .  Mean values of the refractive index and the dispersion varied according 

to t he temperature of disti l led water 

Temperature Refractive Mean Temperature Refractive Mean 

CC)  index Dispersion ("C)  index Dispersion 

(nD) (nF nC)  (nD) (nF - nC)  

1 0  1 . 3 3 369 0.00600 26 1 . 3 3 240 0.00596 

I I  1 . 3 3 364 0.00600 27 1 . 3 3 22 9  0 .00595 

1 2  1 . 3 33 5 8  0 .00599 28 1 .3 3 2 1 7  0 .00595 

1 3  1 . 3 3 3 5 2  0 .00596 2 9  1 . 3 3 206 0 .00594 

1 4  1 .3 3 346 0 .00599 30 1 . 3 3 1 94 0.00594 

1 5  1 . 3 3 3 3 9  0 .00599 3 1  1 .3 3 1 82 0.00594 

1 6  1 .3 3 3 3 1 0 .00598 3 2  1 . 3 3 1 70 0 .00593 

1 7  1 3 3 3 24 0.00598 33  1 .3 3 1 57 0 .00593 

1 8  1 33 3 1 6  0,00598 34 1 . 3 3 1 44 0 ,00593 

1 9  1 .3 3307 0.00597 3 5  1 . 3 3 1 3 1  0 ,00592 

20 1 . 3 3 299 0,00597 36 l . 3 3 1 P 0,00592 

2 1  1 33 290 0 .00597 3 7  1 . 3 3 1 04 0.0059 1 

2 2  1 , 3 32 80 0 .00597 38 1 . 3 3090 0 ,0059 1 

23  1 . 3 3 27 1 0 .00596 3 9  1 . 3 307 5 O,()O59 1 

24 1 .3 3 26 1  0 ,00596 40 1 . 3 306 1 0 ,00590 

2 5  1 . 3 3 250 0 .00596 

Source Table L I nstructions of Atago Abbe Refractometer I mproved Tvpc No. 302 .  



63 

The sugar osmotic agents were reconcentrated in the evaporators (NZ and USA) .  In  the 

evaporator (NZ), the evaporation temperature was 70°C and the solutions were 

concentrated by recirculating the solution ( 1 42 1 0  -5 013 S -1) unti l  the des ired 

concentration was obtained . The vacuum in the evaporating chamber was maintained at 

-9000 to -8000 kg 01 -2 and in the steam chamber -55 00 kg 01 -2 

In the evaporator (USA) ,  the evaporation temperature was 80GC and the solutions were 

concentrated by recirculating the solution (approximately 5 x 1 0 -6  013 S - 1 ) unti l the 

desi red concentration was obtained. The vacuum in  the evaporati ng chamber was 

maintained at -8000 to -7000 kg 01 -2 

NaCI solutions were not re-concentrated . The concentration of di luted NaCI solution was 

increased by addition of crysta l l ine  NaC I .  

3.2.6. Determining the concentration  of the sugar OA solutions 

The refractive index was the standard method for measuring sugar concentrations during 

a DOC experimental run .  Cal ibration curves relating refractive index to concentration 

were obtained from l iterature and verified using HPLC analysis of prepared standards. 

F or verification of the pub 1 ished data, fructose, glucose and sucrose standards were made 

up with fructose, glucose and sucrose analytical grade and u ltra pure water as described 

for HPLC sugar standards. For each sugar the h ighest concentration required for the 

cal ibration curve was made up with the exact weight of the sugar, weighed (± 0 .00 1 g) 

into a g lass test tube (with ground glass stopper) then dissolved and m ade up to exact 

weight with u l tra pure water. The remaining concentrations for the standards were 

d i luted from this standard . 

The refractive index, density and concentration by HPLC was determ ined for each 

solution .  

3.2.7. Determining the concentration o f  sodium chlo ride OA solutions 

As for the sugar solutions, the refractive index was the standard method for measuring 

NaC I  concentrations during a DOC run .  Cal ibration curves relating refractive index to 

concentration were obtained from l iterature and verified by measuring the specific 

conductance of prepared standards [see 3 . 24]  



3.2.8. HPLC a nalysis of suga rs 

Sample and standards p reparation 

Calibration samples were made using HPLC sugar standards as fol lows 

fructose 0 . 00 1 ,  0 .005 ,  0 .0  I ,  0 .0 1 5  and 0 .02 g (g solutionfl 

(0 006, 0 . 0 3 ,  0 .06,  0 .08 ,  0 . 1 1  molal) ,  

- glucose 0 . 020, 0 . 050, 0 .070 and 0 . 1 0  g (g solutionrl 

(0 1 1 , 0 .29, 0 .42, 0 .62 molal) ,  

- sucrose 0 . 0 1 ,  0 .02,  0 . 04 and 0 .06 g (g solutionfl 

(0 03 , 0 06, 0 . 1 2, 0 . 1 9  molal) 
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Ultra pure water was used as the b lank. Total peak areas were used to prepare 

cal ibration curves . Cal ibration curves were determ ined for each set of samples analysed 

Also the standards were analysed randomly amongst the unknown samples. 

The standards and samples were fi l tered through one disposab le membrane fi lter directly 

into clean g lass sample  vials ready for HPLC inj ection . Where appropriate, experimental 

samp les were di luted with u l tra pure water to ensure the sugar concentration fel l  within 

the range of the cal ibration curves . 

H P LC p rocedu re 

Procedures were different in  NZ and the USA .  

In  both NZ and the U S A  the mob i le phase was degassed with hel ium gas a t  a flow rate 

of 6 . 7 x 1 0 -7 m3 s -2, for five m inutes prior to introduction into the HPLC column.  

An isocrat ic gradient was maintained with the mobi le  phases . The HPLC mob i l e  phase 
(NZ) was pumped at a flow rate of 2 5  x 1 0 -8 m3 s - I  through the HPLC column (NZ) and 

the column temperature was maintained at 40°C . The HPLC mob i l e  phase (USA) was 

pumped at a flow rate of 1 . 1 7  x 1 0 -8 m3 s - I  through the HPLC column (USA) and the 

column temperature was maintained at 8 5°C . 

During sample  injection and detection, hel ium gas was continual ly sparged i nto the 

mobi le  phase at 1 x 1 0 -7 m3 s - )  Each standard or experimental sample  was injected 

twice and determined in dup l icate (dup l icates analysed randomly) .  The i njection volume 

was 20 fl l Detection of the sugar peaks was by refractive index .  The experimental 

samples'  concentrations were obtained by comparing peak areas to the cal ibration curves. 
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3.2 .9. D OC a ppa ra tus and operation 

The DOC equipment and technology used during this research was patented by Osmotek 

Inc , Corval l is ,  Oregon, USA (Herron et ai ,  1 994) The DOC module is described in 

detai l in Chapter 5 .  The smal l  l aboratory DOC module was used in NZ and the USA.  

The pi lot p lant DOC module was used in  the USA on ly .  The di lute solution to  be 

concentrated flows through the j uice circuit  which consists of the flow channel in the 

DOC module, the adjoin ing tubing and the ju ice pump .  The concentrating agent, the OA, 

flows through the OA circuit  which consi sts of the flow channels i n  the DOC module, 

the adjo in ing tub ing and the OA pump.  A schematic  diagram showing the arrangement 

of the DOC system is shown in F igure 3 . 1 .  

The juice circuit setup was the same for both NZ and the U SA.  The ju i ce circuit feed 

vessel [ 1 ]  outlet was connected with P VC tubing into the recycle loop of the ju ice 

circuit [8 ] ,  before the juice circuit pump [2 ] .  The d i lute solution was recircu lated around 

the juice circuit  with the ju ice circuit pump which was connected to the DOC module 

[ 5 ]  and feed vessel with P VC tubing and nylon fitt ings. Ball valves were used to stop 

the flow in the ju ice circuit, if required. Pressure gauges [4,6] were p laced in the juice 

circuit tubing immed iately prior to the in let and immediately after the outlet of the 

module .  A "bl eed valve" [7 ]  was p laced at the top of the ju ice circuit, us ing s i l icone 
tubing and a tubing clamp. A sample port [ 3 ], with a s i l i cone rubber seal, was p laced 

in the j u ice circuit a llowing the solution i n  the c ircui t  to be sampled during operation 

The ju ice feed vessel ensured a constant volume was maintained in  the juice circuit .  

Thus the reduction in volume in  the ju ice circuit feed vessel over t ime was recorded as 

the loss of water from the juice circuit Water loss was assumed to be  only due to water 

transfer across the membrane as no l eaks in the j uice circuit were observed. 

The OA circuit setup was also the same for both NZ and the U SA.  The same type of 

PVC tubi ng, nylon fitt ings and bal l valves were used in  the OA circuit (9) as in  the juice 

circuit . The OA was drawn from the OA reservoir [ J  0] ,  pumped through the DOC 

module [ 5 ]  and returned back i nto the reservoir  with the OA circuit pump [ 1 1 ] . PVC 

tubing was connected to a nylon fitt ing tee j unction p laced prior to the entry to the 

module to al low the OA to be drained quickly from the module at the end of each run . 

The outlet to the OA drain tube was kept closed during operation with a ba l l  valve. A 

pressure gauge ( 1 2) was p laced i n  the PVC tubi ng, at the in let to the DOC modu le and 

a ball valve was p laced after the OA pump to stop the flow in the OA circuit, if 

required 
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Figure 3.1 .  DOC unit flow diagram 

juice circuit 

OA circuit 

1 .  Juice circuit feed vessel 
2. Juice circuit pump 
3 .  Sampling port for juice circuit, rubber septum 
4. Pressure gauge, juice circuit inlet to module 
5.  DOC module 
6. Pressure gauge, juice circuit outlet from module 
7 .  B leed valve for juice circuit 
8.  Juice circuit 
9. 0 A circuit 
10.  0 A reservo ir 
1 1 . OA circuit pump 
1 2. Pressure gauge, OA circuit inlet to module 
1 3 .  0 A balance 
1 4. Cooling coil 
1 5 . OA stirrer 
1 6. Water bath heater 

Not drawn to scale 
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1 

1 3  
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The OA reservoir was placed o n  the OA balance ( 1 3 ) in  order to measure the changes 

in OA solution weight The in let and outlet tubes for the were secured over the OA 

reservoir with clamps so they did not touch the reservoir .  The OA solution in the OA 

reservoir was kept wel l  m ixed with the OA stirrer [ 1 5] and the c irculator on the water 

bath heater [ 1 6] .  The temperature in the OA reservoi r  was contro l led by cool i ng with 

propylene glycol ( to -2°C) (ch i l l ed water i n  U SA) ci rculated i n  the coo l i ng coi l  [ 1 4 ]  
at a constant flow rate and by heating from the water bath heater. The temperature i n  

the water bath was mainta ined at ± O . I °C The temperature of  the OA was monitored 

with a temperature probe attached to a display unit The temperature probe was 

cal ibrated with a mercury cal ibration thermometer. 

A constant volume was maintained in the OA c i rcuit, excluding the O A  reservoi r  which 

acted as a buffer tank .  Water crossing the membranes and taken up in the OA circuit 

resulted i n  an i ncrease i n  the total weight of OA in the reservoir .  This was measured on 

the OA balance. 

3.2. 1 0. Standard operation start up p rocedu re of DOC appa ratus 

At start up, the ju ice c ircui t  was first fi l led with RO water, at the desired operating 

temperature, from the juice c ircuit feed vessel .  Any a ir  i n  the l i nes was released at the 

b leed valve. The ju ice c ircuit was flushed out with five l itres of fresh RO water, then 
the RO water was continuously recircul ated . The feed vessel maintained a constant head 

of 540 mm above the base of the DOC module .  The volume of water i n  the ju ice circuit 

feed vessel was maintained between 5 00 and 1 000 m i l l i l itres . The volumetric water flow 

rate in the ju ice circui t  was set and maintained at 4 x 1 0 -5 m3 s -1 , except when the effect 

of juice c ircui t  flow rate was i nvestigated .  The flow rate was set in the p i lot p lant DOC 

module to obtain the same Reynolds number as obtained in the smal l  module in the 

ju ice circuit  The flow rate was checked using a cal ibrated measuring  cyl inder before 
recyc l ing operation .  The hydrau l ic  pressure i n  the ju ice c ircuit was 1 4  - 1 7  kPa at the 

module in let and 5 - 7 kPa at the module outlet 

The juice circui t  was estab l i shed before any OA solution was circul ated . The OA was 

then slowly pumped i nto the OA circuit and air  bubbles removed by t il t ing the DOC 

module from s ide to side.  The flow rate of the OA was constant at 7 x 1 0  -6 m' s - 1 for 

al l  experiments The flow rate was checked using a cal ibrated measuring cyl inder. The 

hydrau l ic  pressure in the OA circuit was 0 - 5 kPa at the i nlet to the DOC module and 

atmospheric at the outlet. 
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3.2.  I 1 .  Equil i b ra tion of DOC module 

It was necessary to equ i l ibrate the module and membranes before co l l ection of data. The 

fol lowing equi l ibration operation was carried out after standard operation start up and 

prior to any data col l ection .  

F i rstly the ju ice and OA circuits were flushed out for 1 0  m inutes in  the sma l l  l aboratory 

module, with RO water or intended OA, respectively .  Then the OA in let hose was 

transferred to a new bucket containing about 1 5  kg of fresh OA ensuring no air was 

introduced to the OA circuit The OA was recycled for one hour to a l low the membranes 

to equ i l ib rate No attempt was made to maintain the OA concentration during this t ime. 

The same equi l ibration procedure was used for the p i lot p lant DOC module .  However, 

the OA circuit was in it ia l ly flushed for 20 m inutes and the membranes were equ i l ibrated 

for 90 m inutes with 2 5  - 3 0  kg of OA 

3.2. 1 2. Experi m ental opera tion of DOC appa ratus 

After the equi l ibration process the in let hose of the OA circuit was transferred into a 

new OA solution in  the OA reservoir, at the desired concentration and temperature. For 

the next 1 0  m inutes of operation, the OA exit ing the module was discarded (20 m inutes 

for the p i lot p lant module) before the outlet hose was c lamped over the OA reservoir 

al lowing OA to recycle. At the same time the ju ice c i rcuit was flushed with fresh RO 

water. The OA was left to circu late for five m inutes before the in it ia l  weight of OA was 

recorded as " zero t ime" . the smal l or p i lot p l an t  DOC module the O A  reservoir 

contained approximately  25 or 56 kg of O A, respectivel y .  The m ass of OA used ensured 

the OA concentration did not change by more than 5% over the data col lection period .  

Experimental tria ls looking at the effect of operating temperature were carried out 

randomly with respect to temperature. Between each trial the juice and OA ci rcuits were 

equ i l i brated to the next desired operating temperatL're 

3.2 . 1 3. Determination of water  flux rate 

The weight of the OA in the reservoir and the volume of water in the j uice c ircui t  feed 

vessel were recorded at 5 m i nute intervals for 45 m inutes . The OA temperature, OA 

circuit i n l et hydrau l i c  pressure, j ui ce circuit in let and outlet hydrau l i c  pressures were also 

recorded at the same time. The temperature of the j ui ce circuit at the beginn ing and at 

the end of the run was recorded. There was no temperature control in the ju ice circuit, 

as the volume in the j uice circuit was smal l  (approximately 3 . 1 8  x 1 0 -4 m3)  compared 
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to the OA circuit and reservoir (approximately 0 .02 m3) Polystyrene foam sheets were 

placed around the module to provide insul ation .  

Samples of the j uice and OA circuits before and after each experimental run were 

col lected. The refractive index of these samples was measured and the concentrations 

determi ned from cal ibration curves . These samples were frozen and stored at -20°C for 

further analyses (e .g .  HPLC) .  

3.2. 1 4. Data analysis for flu x  rate 

The water flux rate across the membrane was determ ined after l i near regression analysis 

of the OA weight  versus time data ( MINITAB Release 9 .2 ,  Mini tab Inc. Pennsylvania, 
USA) .  The gradi ent of the regression l ine obtained was the mass flow rate of water 

across the membrane (kg s - 1) . Except where stated, tria ls were carr ied out in trip l icate. 

3.2. 1 5. Cleaning of DOC module  and m em b ranes 

After each d ay the O A  was drained whi le the RO water was sti l l  circulating  i n  the juice 

circuit .  Both the j uice and OA circuits were flushed first with warm water (3 5 - 40°C) 

for 30 m inutes, fol lowed by cold  water ( 1 5  - 20DC) for a further 20 m inutes . Each circuit 

was then rinsed with five l i tres of 0 . 1 % v/v P 3-oxonia active sanitiser. After sanit isation, 
both circuits were rinsed with RO water for 1 5  m inutes . The OA circui t  was drained 

first then the juice circuit .  Moisture was left in the juice circuit to keep the membranes 

moist In the p i lot p l ant  DOC module a l l  washing t imes were extended by 1 0  m inutes . 

When the membranes were considered to be "dirty " ,  they were washed with a 1 0 9 1 - 1 

solution of U l tras i l  5 3  enzyme detergent. F ive l i tres were c ircul ated i n  the ju ice and O A  

circuits for 20 m inutes after the first rinse. The circuits were then rinsed again with col d  

water ( l 0  m inutes) before sanitisation with P3-oxonia active. 

3.2. 1 6. Mem brane replacement 

Membranes were repl aced when they had measurab le  leaks . The asymmetric membranes 

were cut to the correct shape p laced on each OA p late of the module, with the active 

l ayer of the membrane facing the required direction and kept taut with masking tape. 

The two OA p lates were then dam ped together securing the membranes in p l ace .  S crews 

and bolts around the edge were tightened unt i l  the membranes were sealed between the 

seals and there were no water leaks from the module .  The masking tape was then 

removed . 
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Water was circulated in  the j uice circuit (OA circuit empty) and the amount of water 

lost through the membrane after one hour was determ ined. The norm al loss was 1 0  - 1 5  

m ! .  I f  more than 1 5  m l  of water was lost the membranes were inspected and repl aced . 

Water leakage from the juice circuit at the base  of the module was l ess than 1 m l  hour -I 

In  most cases there was no water loss from the j uice circuit  from the base of the 
module .  

Each new set of membranes was tested also for sa l t  permeabi l ity to establ ish that the 

new set h ad s im i l ar mass transfer propert ies to previous sets . Fo l lowing membrane 

repl acement the ju ice circuit was drained and flushed w ith 1 l i tre of 0 . 1 0  g (g solution) -1 

fructose solution and then drained again .  Two k i lograms 0 1 0 9 (g solut ionfl fructose 

solution were then introduced to and circulated in the juice circuit whi l e  two k i lograms 

of 0 . 1 5  g (g solutionfl NaCI solution were circul ated in the OA circuit After three 

hours, typical l y  about 1 kg of water was lost from the ju ice ci rcuit i nto the OA circuit 

The fructose solution in the ju ice circuit was col lected quantitatively then re-di luted back 

to its original concentration .  The specific conductances of the in it ial and final fructose 

solutions were measured to determine the amount of NaCI wh ich had passed through the 

membrane into the juice circuit 

3.2 . 1 7. Determining the tim e  required to flush the OA circuit 

The DOC apparatus was set up as out l ined for standard operation [see 3 .2 . 1 0) .  RO water 

was circulated in the juice circuit and fructose solutions (0 . 1 ,  O J ,  0 . 5  and 0 . 7  

g (g solutionfl)  were used as the OA Fol lowing the set up  of  flow in  the ju ice circuit, 

osmotic agent was introduced to the module  and the refractive index of the exiting OA 

was measured every m inute for the first 1 0  m inutes . I t  was then measured approximately 

every 5 minutes for the next 80 m inutes . The time required to flush al l the water out of 

the OA circuit and to obtain a steady-state concentration of OA exit ing the module was 

determined for each concentration of OA, in at least dupl icate tria ls .  For O l and 0 . 7  g 

(g solutionfl fructose solutions experiments were carried out in trip l i cate . 

3.2 . 1 8. Determining the tim e  required for equilibration of m e mbranes 

The DOC apparatus was set up as outl i ned for standard operation [see 3 1 0) .  The OA 

circuit was flushed out with fresh OA for 1 0  m inutes. New OA solution was i ntroduced 

and the first 1 0  m inutes of OA exiting the DOC module was discarded . 

At a t ime designated as "zero t ime" the weight of the OA reservoi r  was recorded and 

OA exit ing the module was col lected in an empty tared p lastic bucket (OA-out bucket) .  

There was no recirculation of the OA solution .  The weight of OA in the reservoir was 
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recorded at  5 m inute intervals wh i le  the weight of the OA col lected in  the OA-out 

bucket was recorded every 3 . 75 minutes. The water volume reduction in the ju ice circuit 

feed vessel was also recorded. 

The decrease in the OA reservoir weight, over t ime was analysed by l inear regression 

analysis ( MINITAB), this provided the flow rate of OA into the DOC module (OAe-J. 

The increase in  the OA-out bucket weight over t ime was also analysed by l inear 

regression analysis ( MINIT AB), th is  provided the flow rate of OA out of the module 

(OAolJr) . The flux rate of water across the membrane was calcu lated from the difference 

between the O AIN and O Amn flow rates . 

The water flux rate across the membrane was determined for a range of fructose 

solutions as OA,  at concentrations 0 1 ,  0 .2 ,  0 . 3 5 , 0. 5 ,  0 . 6  and 0 . 7  g (g solutionr1 • Flux 

rates were determined after 1 5 , 3 0, 45 ,  60, 75, 90 and 1 05 minutes ,  at 20°C . For each 

OA concentration the experiment was carried out i n  dupl icate or trip l icate . 

3.2. 1 9. Visualisation of flow characteristics 

To assess the ju ice circuit flow, amaranth dye solution \vas placed in the dye feed 

vessel ,  which was p laced above the ju ice c ircui t  feed vessel . The dye feed vessel was 

connected, with PVC tubing and nylon fitt ings, to the juice circuit at a tee junction just 

prior to the i n let to the DOC module, as shown in Figure 3 .2(a). F low was control led 

with a bal l  valve placed in the dye in let PVC tubi ng .  The DOC apparatus was set up as 

outl ined for standard operation [see 3 1 0] .  

A video camera was p laced on a tripod and positioned approximately two metres away 

from the DOC module .  The camera lens was pointed directly at the front flat face of the 

OA p late, to record the movement of the amaranth dye solution up the juice circui t  i n  

the modu le .  Recording on the video camera was started first The amaranth dye  solution 

was pulsed into the ju ice circuit using the bal l  valve The flow of the amaranth dye 

solution up the ju ice circuit was recorded on the video camera. After each pulse of the 

dye the ju ice circui t  was flushed out with clean water. 

The flow conditions up the j uice circui t  were recorded with the OA circu i t  empty and 

with the O A  circui t  ful l  of 0 . 6  g (g solutionfl sucrose solution as O A. For each set of 

conditions the dye was pulsed in  six times . 

To assess the O A  circui t  flow, amaranth dye solution was p laced in  the dye feed vessel 

p laced above the ju ice c ircui t  feed vesseL The dye feeJ vessel was connected to the O A  



Figure 3.2. DOC unit flow diagram and dye injection points 

a. Dye injection into the juice circuit 
b. Dye injection into the OA circuit 

1 .  
2. 
3 .  

juice circuit 

OA circuit 

Juice circuit feed vessel 
Juice circuit pump 
Sampling port for juice circuit, rubber septum 

4. Pressure gauge, juice circuit inlet to module 
5 .  DOC module 
6. Pressure gauge, juice circuit outlet from module 
7 .  Bleed valve for juice circuit 
8.  Juice circuit 
9. 0 A circuit 
1 0. OA reservoir 
1 1 . OA circuit pump 

1 2. 
1 3 . 
14 .  

Pressure gauge, OA circuit inlet to module 
OA balance 
Dye feed vessel 

Not drawn to scale 
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circuit at a tee junction just prior to the inlet to the DOC module, as shown in Figure 
3 . 2(b). F low was control led with a bal l valve placed in the dye inlet PVC tubing. The 
DOC apparatus was set up as outl ined for standard operation [see 3 .2 . 1 0] .  The amaranth 
dye solution was made up in the OA sugar solution which was being circulated in the 
OA circuit. The video was operated as before and the amaranth dye solution was pulsed 
into the OA circuit and the movement of the dye was recorded . After each pulse of the 
dye, the OA circuit was flushed out with fresh OA. 

Osmotic agents circulated in the OA circuit included 0, 0 . 1 ,  0 . 35 ,  0 .5 ,  0 .6 and 
0 .7  g (g solutionfl fructose solutions, and 0.4, 0 .6 g (g solutionfl sucrose solutions. The 
dye was pulsed in and observed four times for each OA. 

3.2.20. Determining iso-osmotic concentrations of suga r solutions 

In this experiment, the DOC apparatus was used to establ ish the iso-osmotic 
concentrations of glucose and sucrose against fructose. A solution of either glucose or 
sucrose was circulated in the juice circuit whi le  an approximately iso-osmotic solution 
of fructose was circulated in the OA circuit. Fol lowing 24 hours recycling, both 
solutions had equi l ibrated and the actual concentration in each circuit was measured. 

The DOC apparatus was set up as outl ined for standard operation [see 3 .2 . 1 0] except no 
OA was introduced into the OA circuit. The juice circuit was drained completely, then 
flushed with approximately 1 l i tre of the test solution (glucose or sucrose). The OA 
circuit was also flushed with the intended fructose solution (2 l i tres), then drained. Fresh 
test solution (glucose or sucrose) was then introduced to the juice circuit and 
continuously recirculated at 5 x 1 0 -6  m3 s -1 Fresh solution from the juice circuit feed 
vessel was stopped from entering the juice circuit by closing the bal l  valve in the feed 
in let tubing. A fructose solution with approximately the same iso-osmotic concentration 
as the test solution was introduced to the OA circuit as outl ined under standard operation 
[see 3 . 2 . 1 0] .  The fructose solution (20 kg) was recirculated in the OA circuit at 7 x 1 0 -6  
m3 s - I . The system was al lowed to equi l ibrate for approximately 2 4  hours, at 20°C . The 
sugar concentration in both circuits was checked every 3 or 4 hours by removing a smal l 
sample from each circuit. The concentrations of both circuits had equi l ibrated after 1 5  
to 20 hours . Samples from the juice and OA circuits after equi l ibration were col lected, 
frozen and stored at -20°C for analysis by HPLC . 

Three different concentrations of sucrose solutions and one concentration of glucose 
solution were tested against fructose solutions in dupl icated experiments. 
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3.3. Analysis of data 

The mean, standard deviation (sd) and standard errors about the mean (SEM) were 
calculated for the repl icated or tripl icated flux rates . The overall standard error of the 
means was calculated from the pooled estimate of standard deviation (s), from the 
standard deviations of individual means .  

Pooled estimate of standard deviation 

SFM = 

n - number of samples for each mean 
df - degrees of freedom = (n - I )  
(Maindonald, 1 992) 

s 

s = (3 .3)  

(3 .4) 

As outl ined in Section 3 .2 . 1 4  the water flux rate was determined from the rate of change 
in OA weight over time, using l inear regression analysis .  The s lope (x-coefficient) of the 
regression l ine was the mass flow rate of water entering the OA circuit across the 
membrane. A p lot of the mass flow rate against the standard error of the s lope for al l 
the data showed a straight l ine could be fitted through the point (0,0) for the data. 
Therefore, the standard error of the x-coefficient was taken to be proportional to the 
expected value of the x-coefficient, 

SE[x] :.::: KE[x] 

x - x-coefficient, slope of l ine of OA weight versus time 
SE[x] - standard error of x-coefficient 
E[x] - expected value of x-coefficient 
K - proportional i ty constant 

The proportional ity constant, K, can be calculated from 

(Maindonald, 1 996) 

K = 
ESE [x] 

E x  

(3 . 5 )  

(3 .6) 

The value of K gives the ratio of the the standard error (SE) to the expected value of x 
(mass flow rate). For both the small and pi lot plant DOC modules, K was calculated as 
0 .008 . Therefore, for the mass flow rates (kg s -1 ) determined the standard error (SE), 
SE[x] = 0 .008 x mass flow rate. 
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The water flux rates (kg m -2 s -I ) were obtained by taking into account the avai lab le 
membrane area for mass transfer. The standard error of the water flux rate obtained was 
calculated using the foHowing equations, 

%Error [flux rate] [ (SE[X] )2 + (SE[AJ )2 
E[x] E[Am] 

SE[flux rate] = %Error [flux rate] x E[flux rate] 

- membrane area, m2 
- expected value of membrane area, m2 
- standard error of the membrane area, m2 

1 00 

% Error[flux rate] 
E[flux rate] 
SE[flux rate] 

- percentage error (fractional error) of mass flux rate 
- expected value of mass flux rate, kg m -2 S -I 
- standard error of mass flux rate, kg m -2 S -I 

3.3. 1 .  Com pa rison of non-linea r and linea r curves 

(3 . 7) 

(3 . 8) 

For non-l inear relationships, best fit empirical response curves were fitted to the data 
sets using the non- l inear least squares regression procedure in S-Plus (S-Plus Version 
3 .3 ,  Statistical Sciences Inc., Washington, USA) (Statistical Sciences, 1 995) .  

Response curves were fitted to each data set for flux rates at different temperatures . The 
form of the response curves was 

y - y axis data 
x - x axis data 
a, b, C - constants 

y ax (3 .9) 
( 1  + bx) C 

The residual standard error (RSE) for each curve was provided and the standard error 
for each parameter in the equation . The residual sum of squares from fitting a s ingle 
curve (RSSo) to al l the data was compared to the residual sum of squares calculated over 
the individual fitted curves (RSS,) (Draper and Smith, 1 98 1 ) . 

Let 
RSS1 = (residual standard error from curve 1 )2 x df.. 
RSS2 = (residual standard error from curve 2)2 x dh 
RSSn = (residual standard error from curve n)2 x df" 



df.. = number of degrees of freedom from curve I 
dJ; = number of degrees of freedom from curve 2 
dJ" = number of degrees of freedom from curve n 

About the separate curves : 
RSS, = (RSS. + RSS2 + . . .  + RSS,,) 
d}; = df.. + ci.h + . . .  + dJ" 

From fitting a s ingle curve to al l  the data, 

RSSo = (residual standard error)2 x dfo 

dlo = degrees of freedom for the single curve 

F . .  stallstlc 
( RSSo - RSS, )/(dfo - dh ) 

( RSS/df; ) 
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(3 . 1 0) 

The Fsta'is'ic with degrees of freedom (dlo - d};) and d};, was used to test the null 
hypothesis that one curve can be fitted to al l the data points (i .e. the individual data 
curves are not different). 

This procedure was used to compare flux rate data curves when detennining the 
statistical significance of the effect of temperature, membrane orientation, OA, or 
module size. 

For comparison of l inear l ines, the same analysis as described above was used to test 
the nul l  hypothesis .  The RSS for each fitted l ine, required for the above analysis was 
calculated in  the l inear regression analysis by MINIT AB .  

3.3.2. Best fi t  polynomial equations fo r physical pro pe rties 

Data for physical properties were obtained either from pub l ished l iterature or from 
experimental work. Polynomial relationships were derived when l inear relationships 
fai led to adequately define the physical property. Best fit polynomial equations were 
derived for the relationships between concentration and refractive index, density, 
osmosity, and specific conductance. MINIT AB was used to fit regression l ines to the 
estimated form of the polynomial equations in order to obtain the best fit equation.  The 
best fit equations were plotted over the publ ished or experimental data points to 
determine visual ly the goodness of fit .  The sum of the residual standard errors between 
the fitted l ine and actual data points was also detennined for each fit .  
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The standard error for each value calculated with the polynomial equations was 
calculated from the derivative of the equation (Maindonald, 1 996). For example, the 
standard error for density (SE[p]) , when density is estimated from a quadratic 
relationship, was determined from the standard error of the concentration value (SE[f]) 
and the derivative of the density function. SEC Y) was obtained from the variab i l ity in the 
experimental data. Therefore, where the quadratic equation for density is 

p = 998 .2 + 383 Y  + 1 58 y 2 

then the derivative of the density function is :  

and 

dp 
dY 

= 383 + 3 1 6 Y  

SE[p] = abS( :�) x SErf] 

Y - solute mass fraction, g (g solutionfl 
p - density solution, kg m -3 
SE[f] - standard error of concentration Y, g (g solutionfl 
SE[p] - standard error of density at concentration Y, kg m -3 

(3 . 1 1 ) 

(3 . 1 2) 

(3 . 1 3)  

In  another example, osmotic pressure of each OA was estima.ted using a series of 
polynomial relationships derived from publ i shed data on solution osmosity. The standard 
error for each estimation of osmotic pressure was calculated from the derivatives of each 
polynomial equation (Maindonald, 1 996). An overal l standard error for sugar 
concentration (SE[f]) was calculated using the pooled standard deviation of data from 
HPLC analyses . The polynomial relationships required to determine the osmotic pressure 
of a fructose solution at 20°C are, 

S = 2 . 85 Y + 5 .23 y 2 

1t ( 4 . 36S + 0.2 1 3 S 2 + 0 .0595 S 3 ) 

therefore, the standard error of the osmotic pressure is :  

SE[1t] = (abS( �) x abS(:)) x SE[f] 

S - osmosity of solution, mol l -I 
1t - osmotic pressure, MPa 
SE[Y] - standard error of concentration Y, g (g solutionfl 
SE[ 1t] - standard error of osmotic pressure at concentration Y, MPa 

(3 . 1 4) 

(3 . 1 5) 

(3 . 1 6) 
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3.3.3. Mass Balances 

Mass balances were completed over the juice and OA circuits separately first, then over 

the whole system . Individual water and solute balances were completed to ensure there 

was no unusual loss or gain of these components . Water lost from the j uice circuit was 

assumed to be taken up in the OA circuit. No solute loss was anticipated but this was 

also checked. The SEs of the concentration or mass values measured or calculated were 
determined. The combined errors were handled as described by Cleland �1 983) . Where 
values were added or subtracted, the combined SE was determined from V (SE,2 + SE/). 
When values were multipl ied or divided, the combined SE was determined from the 
percentage error of each value. 

The SE of the concentration values was determined from refractive index or HPLC data. 
The refractive index of al l samples was measured at least three times. The mean value 
and its standard deviation (sd) was recorded. To obtain a more accurate SE of the mean 
based on a larger degree of freedom, an overal l SE was determined from a pooled 
estimate of standard deviation based on the individual standard deviations for all means 
calculated . This overal l SE was used in further calculations with each mean value of 
refractive index .  The refractive index value was converted to an equivalent concentration 
using a polynomial equation and the error in the concentration value was obtained. Al l  
samples analysed by HPLC were analysed in dupl icate, each with dup l icate injections. 
The solute concentrations were determined from a cal ibration curve. The mean solute 
concentration and standard deviation for each sample was determined. As for refractive 
index, an overal l SE was determined from a pooled estimate of standard deviation, from 
individual standard deviations. The mean concentrations determined by HPLC and the 
overal l SE were used for subsequent calculations and mass balances. 

The SE of weights and volumes recorded was determined from the accuracy of the 
readings taken . The weight of OA in the OA balance NZ was accurate to ± 0.00 1 kg and 
in the USA the OA balance was accurate to ± 0.02 kg. The volume in the juice circuit 
feed vessel and other volume measurements were accurate to ± 5 ml .  Volume 
measurements were converted to mass terms (± SE) by first determining the density of 
the solution from polynomial curves .  The "zero time" weight of OA and volume of 
water in the juice circuit feed vessel was determined by extrapolation of the regression 
l ine back to zero time. The flux rate of water across the membrane was obtained by 
dividing the mass flow rate (kg s -' ) [see 3 .2 . 1 4] by the avai lab le membrane area (m2) . 
The SE for the calculated membrane area was also determined. 



CHAPTE R  4 
PHYSICAL PROPERTIES 

SOLUTIONS 

OF AQU EOUS 

To understand how the DOC apparatus works, i t  was necessary to obtain information 
about solution properties and how they were affected by temperature and concentration . 
In some instances additional information beyond that avai lable in the l i terature was 
required or some of the pub l ished data needed to be manipulated before i t  could be used. 
This chapter contains information on osmotic pressure, viscosity and diffusion 
coefficients of solutions . 

4. 1 .  Concentration, refractive index, density and specific 

conductance 

Publ ished data were used to verify the techniques used to determine refractive index, 
density and specific conductance. Because these publ ished data were incomplete, 
experimental data were obtained for the aqueous solutions needed for this work (Norris, 
1 967; Wolf et aI . ,  1 984). Calibration curves for refractive index and density of fructose, 
glucose, sucrose and sodium chloride (NaCI)  solutions, and the specific conductance of 
NaCi are shown in Figures 4 . 1 to 4.3 . Al l  data showed excel lent agreement with 
l iterature values, where avai lable .  The data of Wolf et al . ( 1 984) were used for the 
polynomial equations for refractive index, density and specific conductance. 

During this study actual measurements were made to verify publ ished data. The methods 
and techniques used were found to be accurate over the ful l  concentration range. 

Solution concentrations 

Solution concentrations expressed as molarity were converted to mass fraction 
(g (g solutionfl ) for al l experimental and model l ing work. Molarity was converted to a 
mass fraction using the fol lowing formula (Weast et aI . ,  1 984): 

M x M 
y = 

E (4 . 1 )  
P 

y - solute mass fraction, g (g solutionfl 
M - solution molarity, mol l -I 
ME - molecular weight of solute, g mol -I 
p - solution density, kg m -3 

8 1  
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Figure 4. 1 .  Refractive index of aqueous sugar solutions at 200e 

(a) Fructose 
(b) Glucose 
(c) Sucrose 

Publ ished data (Wolf et aI . ,  1 984). 

o Mean of experimental ly determined data. The horizontal l ines represent two 
standard errors about each mean . For some data points two standard errors are 
smal ler than the actual size of the markers, they are not distinguishable on the 
graphs and appear as one l ine. 

For fructose and glucose, n = 4 
F or sucrose, n = 7 

Sugar concentrations determined by HPLC. 
Refractive index was determined with a refractometer. 
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Figure 4.2. Density of aqueous sugar solutions at 20°C 

All solution densities presented are corrected values. 

(a) F ructose 
(b) Glucose 
(c) Sucrose 

Pub lished data (Wolf et aI . ,  1 984). 

o Mean of experimental ly determined data. The horizontal l ines represent two 
standard errors about each mean. For some data points two standard errors are 
smaller than the actual size of the markers, they are not distinguishable on the 
graphs and appear as one l ine. 

For al l sugars, n = 2 
Sugar concentrations determi ned by HPLC and density with a Paar density meter. 
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Figure 4.3. Physical properties of sodium chloride solutions at 20°C 

(a) Refractive index 
(b) Density (kg m -3) 
(c) Specific conductance (mmhos cm - 1 ) 

Pub lished data (Wolf et aI . ,  1 984) . 

o Mean of experimental ly determined data. The horizontal l ines represent two 
standard errors about each mean. For some data points two standard errors are 
smaller than the actual size of the markers, they are not distinguishable on the 
graphs and appear as one l ine. 

For refractive index, n = 4. 
For density, n = 6 .  
For specific conductance, n = 4 

Solution concentrations determined by HPLC, refractive index with a refractometer, 
density with a Paar density meter and conductance with a conductivity meter. Solution 
densities are corrected values . 
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S imi larly, solution concentrations expressed as molal ity were converted to mass fraction 
(g (g solutionf ' )  by the fol lowing equation (Weast et aI . ,  1 984): 

m x M 
y = _____ 

E_-,-
1 000 + (m x ME) 

m - solution molal ity, mol (kg solvent) -I 

4.2. Osmosity and osmotic  pressure 

(4 .2)  

To be ab le to relate solution properties to osmotic pressure of OAs, a relationship 
between concentration and osmotic pressure was required over a wide range of solution 
concentrations and temperatures. For aqueous solutions, publ ished data were avai lable 
on the osmosity of various aqueous solutions. This is a direct measure of the molarity 
of an iso-osmotic NaCI solution (Wolf et aI . ,  1 984). An advantage in using osmosity was 
that there were also publ ished data for the osmotic pressure of NaCI solutions over the 
enti re concentration and temperature range requi red (Souri raj an,  1 970). For the 
experimental work required in this study, data for 1 0  and 20°C were derived by 
interpolation of the publ ished data and is shown for 20°C in F igure 4 .4 .  Data were also 
required at 40°C, this was avai lab le in the l iterature (Sourirajan, 1 970). 

To determine the osmotic pressure of an aqueous solution (NaCI ,  fructose, glucose or 
sucrose), the solution concentration (mass fraction, g (g solutionfl )  was first converted 
to an equivalent osmosity using the one of the fol lowing polynomial equations derived 
from publ ished data (Wolf et aI . ,  1 984), 

NaCI (20DC) S 1 7. 1  Y + 1 1 . 7 y 2  + 4.94y3  

Sucrose (20DC) S 1 .44Y + 3 .05 y 2  + 3 .4y 3  
(4 .3)  

Glucose (20DC) S 2 .82Y + S . 73 y 2  

Fructose (20DC) S 2 .8SY  + 5 . 23 y 2 
for NaCI :  0 � Y � 0 .38 ,  sucrose : 0 � Y � 0 .84, glucose: 0 � Y � 0.60, fructose: 0 � Y 
� 0 .70 
Y - solute mass fraction, g (g solutionfl 
S - osmosity, molar concentration of NaCI ,  mol I - I 

The cal ibration curves for equivalent osmosity and solution concentration (mass fraction) 
are shown in Figure 4 . S(a), based on pub l ished data and extended to cover the 
concentration range. 
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Figure 4.4. Influence of temperature on osmotic pressure of NaCI solutions 

Osmotic pressure data for NaCI at 5 ,  1 5 , 25 and 35°C obtained from pub l ished data 
(Sourirajan, 1 970) .  

Data at 20°C interpolated from publ ished data. 
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Figure 4.5. Calibration curves for determining osmotic pressure using osmosity 

(a) Equivalent osmosity of aqueous solutions for different solution concentrations for 
NaCI ,  glucose, fructose and sucrose, at 20°C (Wolf et aI . ,  1 984) . 

(b) Osmotic pressure for the equivalent osmosity (Sourirajan, 1 970). 
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The equivalent osmosity determ ined from concentration was then converted to an 
equivalent osmotic pressure (MPa) using the fol lowing cal ibration equations derived 
from pub l ished data (Sourirajan, 1 970) :  

l OoC 1t 4.28S + 0.08 1 4S 2 + 0.0808S 3 

20°C 1t 4 .36S + 0.2 1 3S 2  + 0.0595S 3 (4.4) 

40°C 1t 4. 77S + 0. 1 52S 2  + 0.0727S 3 
for 0 s S s 5 . 3  
1t - osmotic pressure, MPa 

Note these equations can be used for al l  solutes for which the equivalent osmosity is 
known. The cal ibration curves for 1 0, 20 and 40°C for osmotic pressure and equivalent 
osmosity are shown in F igure 4. 5 (b) .  

These data agree with publ ished data for NaCI at 20°C, as shown in F igure 4 .6 .  However 
there were no data for glucose, sucrose or fructose at 20°e . But there was good 
agreement with publ ished data for glucose at approximately 25°C (Merson and Ginnette, 
1 972) and for sucrose at 25°C (Sourirajan, 1 970) with the values determined using the 
cal ibration curves, as shown in F igure 4.6 .  There were no publ ished data for fructose 
solutions . 

4.2. 1 .  Iso-osmotic suga r solutions 

The relationship between osmotic pressure and concentration for NaCI and each sugar 
solution was determi ned from l iterature values of osmosity. It was unclear whether these 
relationships held true for the experimental apparatus being used. Thus the DOC 
apparatus was used with fructose in the OA circuit and sucrose or glucose of equivalent 
osmosity in the juice circuit . On equi l ibration, samples of OA and juice circuit solutions 
were measured for sugar content .  The results are shown in Table 4 . 1 .  

These data were compared to those calculated from calibration equations and publ ished 
data. The results are presented in Figure 4 .7 .  It is clear that the data from cal ibration 
equations and experimental data were in excel lent agreement. 
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Figure 4.6. Solute concentration and osmotic pressure 

NaC I at 20°C, estimated from cal ibration curves [Figure 4 .5 J  
o at 20°C, interpolated from publ ished data (Sourirajan, 1 970). 

Sucrose 
at 20°C, estimated from cal ibration curves [Figure 4 .5 J  

6 at 25°C, pub l ished data (Sourirajan, 1 970). 

Glucose 
at 20°C, estimated from cal ibration curves [Figure 4 .5 J  

o at approximately 25°C, publ ished data (Merson and Ginnette, 1 972) . 

Fructose 
at 20°C, estimated from calibration curves [Figure 4 .5 ]  
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Figure 4.7. Iso-osmotic sugar solutions at 20°C 

iso-osmotic concentration of fructose vs. sucrose or fructose vs. glucose solutions 
calculated from cal ibration curves [Figure 4 . 5 ] .  

o mean of experimental ly determined data for fructose vs. sucrose. Horizontal l ines 

represent two standard errors of the mean, n = 2. 

D mean of experimental ly determined data for fructose vs. glucose. Horizontal l ines 

represent two standard errors of the mean, n = 2.  

For some data points two standard errors are smal ler than the actual size of the 
markers, they are not dist inguishable on the graphs and appear as one l ine. 
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Table 4. 1 .  Equivalent solution concentrations for iso-osmotic solutions at 20°C 

Fructose concentration in OA circuit Sugar material and concentration in juice 

circuit 

mass fraction molarity molality mass fraction molarity molality 

(g (g solution) -I ) (mol I - I ) (mol (g (g solutionfl) (mol I -I ) (mol 

(kg solutionfl )  (kg solution) -I ) 

Fructose Sucrose 

0.25 1 . 5 3  1 .85 0 . 3 5  1 . 1 8  1 . 57 

0.4 1 2.68 3 .86 0 .52 1 .88 3 . 1 6  

0 . 50 3 .40 5 . 5 5  0.6 1 2 .30 4 . 5 7  

Glucose 

0.4 1 2 .68 3 .86 0.4 1 2.68 3 .86 

4.3. Absolute and relative viscosity of fructose and NaCI 

solutions 

There are few pub l ished data available on  the viscosity of  fructose solutions at different 
temperatures . The viscosity of fructose solutions at 0 .70 g (g solutionfl has been 
publ ished for various temperatures between - 1 0  and 40°C (Pancoast and Junk, 1 980). 
Publ ished data on the viscosities of glucose and sucrose solutions at 20, 25 and 35°C 
were avai lable in  the l iterature (Gladden and Dole, 1 953 ;  Norris, 1 967; Pancoast and 
Junk, 1 980; Wolf et aI . ,  1 984) . 

The absolute viscosities of fructose solutions at 1 0, 20 and 40°C and NaCI solutions at 
20°C were determined experimental ly and are presented in Tab le 4 .2 .  The experimental 
data for fructose solutions at 20°C agree wel l with publ ished data (Pancoast and Junk, 
1 980; Wolf et aI . ,  1 984). 

The relationship between fructose solution viscosity and concentration (mass fraction) 
was non-l inear. Gladden and Dole ( 1 953)  found for glucose and sucrose solutions the 
log.(re/alive viscosity) was related l inearly to mole fraction at different temperatures. 

The fructose solution absolute viscosity data were converted to relative viscosities. A 
l inear relationship between log.(relalive viscosity) and mole fraction for fructose 
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solutions was found, as shown in  F igure 4 .8 .  The slope of the l inear relationships 
(constant b required to solve Equation (2. 52)) are presented in Table 4 .3 . 

Table 4.2. Absolute viscosities (p.) of aqueous fructose solutions 

Solution: Temperature 

Concentration 
1 0°C 20°C 40°C 

(g (g solution) -I) 
�. �a �a 

(kg m-I S-I) (kg m-I S-I) (kg m-I S -I) 

Fructose: 0. 1 0.00227 ± 0.00002 0.00 1 78 ± 0.00002 0.00 1 20 ± 0.00002 

Fructose: 0 .35 0.0064 ± 0.000 1 0.00464 ± 0.00008 0.00275 ± 0.0000 1 

Fructose : 0.49 0.0 1 98 ± 0.0000 0.0 1 29 ± 0.0002 0.00637 ± 0.00002 

Fructose: 0.60 0.0604 ± 0.0009 0.0338 ± 0.0003 0.0 1 4  ± 0.000 

Fructose: 0.65 0. 1 27 ± 0.003 0.0676 ± 0.0008 0.0234 ± 0.000 1 

Fructose: 0.67 0.336 ± 0.004 0. 1 58 ± 0.004 0.0453 ± 0.0003 

NaCI: 0.02 0.00 1 38 ± 0.0000 1 

NaCI: 0. 1 0  0.00 1 63 ± 0.00000 

NaCl: 0. 1 5  0.00 1 79 ± 0.00001 

NaCI: 0.23 0.00228 ± 0.00002 

a. Mean value (± SEAf) for n = 2. Determined using a Bohlin rheometer. 

Table 4.3. Relationship between loge{f.tlJ.lo) and mole fraction of fructose solutions 

at various temperatures 

Temperature �Ob Constant 'b ' required to solve 

(kg m-I S-I) log.(��o) = b XC 

Fructose l O°e" 0.00 1 307 

20°e" 0.00 1 002 

40°C' 0.000653 

a. Determined from experimental data [Table 4.2.] . 
b.  Weast et al. ( 1 984). 
c. For 0 � x � 0.2. 

29.5 

26.8 

23.2 
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Figure 4.8. Relative viscosity of aqueous fructose solutions 

Relative viscosity values calculated from the absolute viscosity values determined 
experimental ly [Tab le 4 .2 . ] .  

o 1 0 .0 ± 0. 1 0c . Mean of experimental ly determined data. 
/10 = 0.00 1 307 kg m -I S - I  

o 20.0 ± 0. 1 0c . Mean of experimental ly determined data. 
/10 = 0.00 1 002 kg m - I  S - I  

40.0 ± 0 . 1 0c . Mean of  experimental ly determined data. 
/10 = 0.000653 kg m -I S - I  

Best fit  l inear regression l ines 
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A l inear relationship for absolute viscosity and concentration for NaCI solutions was not 
ach ieved. Thus the cal ibration curve between absolute viscosity and concentration was 
used for NaCI solutions, shown in Figure 4.9 .  

4.3. 1 .  Relationship between tem peratu re and viscosity of fructose 

solutions 

From the measured data, the 10geCabsolute viscosity) for fructose solutions were plotted 

against l iT, as shown in Figure 4 . 1 0 . The activation energies (Ea) for these are presented 
in Tab le 4 .4 .  

Table 4.4. Activation energies for fructose solution viscosity 

Fructose concentration Slope EjR" 
(g (g solutionrl) (K) 

0. 1 1 9 1 0  

0 .35 2430 

0.49 3320 

0 .60 4300 

0.65 4970 

0.67 5900 

a From regression of line in Figure 4 . 1 0 .  

s d  o f  slope 

50 

50 

90 

200 

90 

1 00 

r Eo 
(J mol - I )  

0 .999 1 5,9 1 0  

0 .999 20,230 

0 .999 27,600 

0.996 3 5,600 

0.999 4 1 ,300 

1 .00 49,000 

From the Arrhenius relationships for viscosity and temperature it was determined for a 
0 . 1 g (g solutionfl fructose solution, a 1 0  degree increase in temperature would result 
in a 20% reduction in viscosity .  For a 0.7 g (g solutionfl a 1 0  degree increase in 
temperature would result  in a 50% reduction in solution viscosity. A l inear relationship 
was found between the activation energy of viscous flow and mole fraction of fructose 
solutions as for glucose and sucrose solutions, where 

E" (viscous) = 1 1 .4 + 1 96xF 

for 0 ::; xF ::; 0 .2  
Ea(viscous) - activation energy of viscous flow, J mol -I 

XF - mole fraction for fructose solution 

(4 . 5 )  
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Figure 4.9. Absolute viscosity of NaCI solutions at 20°C 

Absolute viscosities (kg m - 1 S - I )  of solutions, determined using a Bohl in  rheometer 
(Boh l in  Reologi AB, Sweden) .  

o Mean of experimental ly determined data. Horizontal l i nes represent two standard 
errors about each mean, n = 2. For some data points two standard errors are 
smal ler than the actual s ize of the markers, they are not distinguishable on the 
graphs and appear as one l ine. Data points with no standard errors indicate 
repl icate data were identical . 

Temperature 20 ± 0 . 1 °C 

Publ ished data at 20°C (Wolf et aI . ,  1 984). 
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Figure 4. 1 0. Relationship between temperature and viscosity of fructose solutions 

Absolute viscosity was determ ined experimental ly using a Boh l in rheometer. 

o Mean of experimental ly determined data. Horizontal l ines represent two standard 
errors about each mean, n = 2 . For some data points two standard errors are 
smal ler than the actual s ize of the markers, they are not distinguishable on the 
graphs and appear as one l ine. 

--- Best fit l inear regression l ines. 
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4.4. Binary diffusion coefficients for fructose and NaCI 

sol utions 

Binary diffusion coefficients for fructose solutions were calculated using Equation (2 . 37) .  
It was assumed that the a term required to satisfy Equation (2 . 3 7) could be used for 
both sugars when determining their binary diffusion coefficients because glucose and 
fructose molecules have the same molecular weight and have s imi lar shapes. 

Using a value of 0.47 for a, fructose solution viscosities [Figure 4 .8  and Table 4 .3 ] ,  and 
glucose solution viscosities and diffusion coefficients [from pub l ished data (Gladden and 
Dole, 1 953 )] at equivalent mole fraction concentrations, Equation (2 . 3 7) was solved to 
determine the binary diffusion coefficients for fructose solutions at 1 0, 20 and 40°C . 
These are presented in  Figure 4 . 1 1 . 

As found for glucose and sucrose solutions [see 2 . 5 ] ,  for fructose solutions a l inear 
relationship was found between the activation energy of diffusion and mole fraction. The 
relationship is as fol lows : 

Ea (diffusion) 1 7 .2  + 1 2 1 xF (4.6) 

for 0 � xF � 0. 1 9 . 

The activation energy of diffusion can be used to solve Equation (2.40) for determining 
diffusion coefficients of fructose solutions at different temperatures . The l inear equations 
relating loge (lY AJ!'D AB) to mole fraction for fructose solutions were determined from the 
calculated diffusion coefficients . S imi lar relationships were found for glucose and 
sucrose solutions [see 2 . 5 ]  (Gladden and Dole, 1 953) .  For fructose solutions the 
equations and the value for the diffusion coefficient at infinite di lution, DOAB, at different 
temperatures are present in Table 4 . 5 .  
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Figure 4. 1 1 .  Binary diffusion coefficients for aqueous fructose solutions 

Binary diffusion coefficients (DAB) in aqueous fructose solutions, calculated based on 
method outl ined in Section 2 . 5  using Equations (2 . 3 7) and (2 .40), and data for glucose 
solutions. 
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Table 4.5. DO AB and the relationship between loglDO MID AJ and mole fraction for 

fructose solutions 

Temperature DO AS Constant 'a' r<;!quired to solve 

(x l O -9 m2 S -I ) 10g.(DoAJID,w) = a xb (2.43) 

Fructose 1 0°C" 0.47 1 5 .02 

20°C" 0.60 1 2.96 

40°C' 0 .93 9.97 

a. Determined from data for glucose solutions [see 2.5, Equation (2.37) ]. 

b.  For 0 � x � 0.2. 

Standard 

deviation 

of 

coefficient 

0.03 

0.0 1 

0.0 1 

As there were no publ ished data for diffusion coefficients of NaCI solutions at 20°C [see 
2 .5 ] ,  the mean diffusion coefficient DAB was interpolated from a p lot of DAB versus 
temperature. The l inear regression equation fitted to the plot between 1 8  and 3 5°C, is 

DAB = ( - 9. 82 + 0.03 8 1) x 1 0 -9 

T - temperature, 29 1 � T � 308 K ( 1 8  � T °C � 3 5) 

(4 .7)  

The standard deviation of the coefficient was 0 .002 and r 0.99 .  The mean binary 
diffusion coefficient at 20°C was calculated as l .34 x 1 0 -9 m2 s -l over the concentration 
o to 0 .25 g (g solutionfI 

4.5. Viscosity and diffusion coefficients of fructose and NaCI 

solutions 

4.5. 1 .  Fructose and NaCI solutions used d u ring experimental trials 

The viscosity and diffusion coefficients of various fructose and NaCI solutions used 
during the experimental trials are presented in Table 4 .6 .  

There are large differences between the two OAs, fructose and NaCl ,  in  their solution 
viscosities and diffusion coefficients . NaCI solutions have viscosities that are 1 .3 and up 
to 90 times lower than fructose solutions over the osmotic pressure range 1 . 5 to 30 MPa. 
The diffusion coefficient of NaCI solutions are 2 . 5  to 25 times greater than i n  fructose 
solutions over the same osmotic pressure range. 
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Table 4.6. Viscosity and diffusion coefficients of various fructose and NaCI solutions 
at 20De 

Concentration Osmotic pressure Absolute Diffusion 

(g (g solution - I )) (MFa) viscosity' coefficientb 

(kg m-I S-I ) ( x  1 0 -10 m2 S- I )  

Fructose 0 . 1 0  1 .5 0.00 1 3 5 5.2 

0.35 8.0 0.00394 3 . 1  

0.49 14.2 0.0 105 1 . 9 

0.69 28.9 0 . 1 3 1  0.6 

NaCI 0.02 1 .5 0.00 1 04 1 3 .4 

0 . 1 0  9. 1 0.00 1 1 9  1 3 .4 

0. 1 5  1 5 .5 0.00 1 35 1 3 .4 

0.23 30.5 0.00 1 75 1 3 .4 

a. Viscosity determined from experimental data: for fructose see Figure 4.8 and Table 4.3 ; for NaC I 
see Figure 4.9.  

b.  Diffusion coefficients for fructose determined from published data for glucose and Equation 

(2.37); diffusion coefficients for NaCI using Equation (4.7). 
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4.5.2. Sucrose, fructose and NaCI solutions at approximate iso-osmotic 

concentrations 

For sucrose, fructose and NaCI solutions with osmotic pressures within the range 7.6 to 
9 . 1 MPa [8 .2 ± 0 .6 MPa (± sd)], the viscosity and diffusion coefficients are presented 
in Tab le 4 .7 .  

Table 4.7. Viscosity and diffusion coefficients of sucrose, fructose and NaCI 

solutions 

Concentration Osmotic pressure Absolute Diffusion 

(g (g solution -I)) (MPa) viscosity' coefficientb 

(kg m-I S- I ) (x 1 0 - 10 m2 S-I ) 

Sucrose. 20°C 0.45 7.6 0.0 1 02 1 . 9 

Fructose, 1 0°C 0 .35 7 .6 0.0059 2 .2 

Fructose, 20°C 0.35 8.0 0.0039 3 . 1  

Fructose, 40°C 0.35 8.5 0.002 1 5.6 

NaCl, 20°C 0. 1 0  9. 1 0.00 1 2  1 3.4  

a .  Viscosity determined from experimental data: for fructose see Figure 4.8 and Table 4.3 ; for NaCI 

see Figure 4 .9 .  Viscosity for sucrose from published data (Gladden and Dole, 1 953 ;  Norris, 1 967; 

Wolf et a!., 1 984). 

b. Diffusion coefficients for fructose determined from published data for glucose (Gladden and 

Dole, 1 953) and Equation (2.37); for NaCI using Equation (4.7); for sucrose from published data 

(English and Dole, 1 950; Gladden and Dole, 1 953;  Henrion, 1 964). 



CHAPT E R  5 
DOC MODULE AND OPERATION 

In this chapter the direct osmotic concentration (DOC) module and membranes are 
described in detai l .  The DOC membrane characteristics and structure is described and 
the method used to calculate the avai lable membrane area is presented. Measurements 
of channel dimensions are presented. The operating conditions for equi l ibration and the 
boundary fluid conditions during experimental trials were determined. 

5. 1 .  DOC module 

The DOC module consists of  two special ly designed polycarbonate plates which form 
the OA plates and two sheets of DOC membranes . A schematic cross-section of the 
small laboratory DOC module is shown in F igure 5 . 1 .  Within the DOC module two flat 
membrane sheets were placed paral lel to each other. The membranes were held in  place 
between the two OA plates . A rubber seal around the outer edge of the OA plate 
ensured there was no leakage from the system and kept the membranes taut. The two 
OA plates clamped together secure the membranes in place and seal off any leaks . The 
only support between the two membranes occurs at the inlet and outlet. Polycarbonate 
washers, 1 0  mm thick, with rubber seals were used to keep the membranes apart at the 
juice circuit in let and outlet ports . When the solution flowed in the ju ice circuit the 
hydraul ic pressure forced the membranes apart and they rested against the support bars 
in the OA circuit. A detai led drawing of the side view of the module with membranes 
in place is shown in Figure 5 .2(a). 

A drawing of the inside face of an OA plate is shown in Figure 5 .2(b) .  Within each OA 
plate horizontal support bars were fixed at right angles to the flow in the juice circuit. 
This forced the OA flow to move horizontal ly across the plate in a zig-zag path . The 
flow path along each channel was at right angles to the flow in the juice circuit. 
However, the overall net flow in the OA plates was parallel to that of the juice circuit, 
with the OA inlet and outlets adjacent to those of the juice. The flow path followed by 
the osmotic agent in the OA circuit along the horizontal flow channels is shown in 
Figure 5 . 3(a). The OA plate can be divided into three sections, as shown in Figure 
5 . 3 (b), an inlet and outlet port section and the main mass transfer section. 

The pi lot plant DOC module was the same design as the smal l laboratory module. It was 
made larger by increas ing the number of horizontal OA flow channels from 8 and 9 in 
the smal l laboratory module to 50 and 5 1  in the pi lot plant module. The end areas 
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Figure 5. 1 .  Schematic diagram of the small laboratory DOC module 

Side view of smal l laboratory DOC module. 
Not drawn to scale 

JUIce - dilute solution to be concentrated 
OA - osmotic agent, concentrated solution 

o - flow di rection, out of the page 

@ - flow di rection, into the page 
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Figure 5.2. Drawing of small laboratory DOC module 

(a) Side view of smal l laboratory DOC module with membranes in p lace. 

(b) OA plate for small laboratory DOC module, a view of the inside face of the 
plate, which faces the membrane. 

Shaded areas - membrane support bars 

Drawn to scale, 1 : 5 . 3 ,  units mm .  
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Figure 5.3. DOC module OA plate 

(a) Module setup : 
Juice circuit - water, at 20 ± 1 °C 

- flow rate 4 x 1 0 -5 m3 S-I 
OA circuit - 0 . 1 g (g solutionfl fructose solution, at 20°C 

- flow rate 7 x 1 0 -6 m3 S-I 

An amaranth dye solution was pulsed into the OA flow immediately  prior to entry into the module .  

1 1 8 

(b) Sections 1 and 3 are the membrane areas around the inlet and outlet ports. The blocks marked 'A' are sol id  polycarbonate b locks which 
l imit  the expansion of the membrane in these two sections. The shaded areas represent the polycarbonate components of the module. 
There is no contact of OA with the membrane in these areas . 

Section 2, represents the main area for mass transfer in the DOC module .  
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around the inlet and outlet gaskets were larger to accommodate larger inlet and outlet 

ports. A schematic drawing of an OA plate from the pilot plant DOC module is shown 

in Figure 5 .4. The pilot plant DOC module was based at Oregon State University, USA. 

5.2. Flow i n  the j uice circu it 

The dilute liquid stream flows through the module between the two membranes in the 

juice circuit. Due to the alternating spacing of the horizontal membrane support bars, in 

the OA plates, the flow path of the dilute solution up the juice circuit followed a 

corrugated path, as shown in Figure 5 . 5 .  The flow path resulted in small changes in the 

direction of flow in the juice circuit (Herron et aI . ,  1 994). 

The dimensions and flow conditions in the juice circuit are presented in Table 5 . 1 , for 

the small laboratory and pilot plant DOC modules. 

Table 5.1. Dimensions and flow conditions in the juice circuit of the DOC modules 

Thickness of gap between 

membranes' (m) 

Width of membrane across 

the module (m) 

Cross-sectional area of flowb 
(x 1 0 -4 m� 

Volumetric flow rateC 

(x 1 0-5 m3 S-l) 

Mean fluid velocity 
(m S-l) 

a. Herron ( 1 995). 

Small laboratory module 

Mean SE n 
0.0038 0.0008 

0. 1 545 0.0005 2 

5.9 1 .2 

4.0 0. 1 9 

0.07 0.0 1 

b. Thickness of membrane gap x total width of membrane. 

c. For water only, set by pump speed on experimental unit. 

Pilot plant module 

Mean SE n 
0.0038 0.0008 

0 . 1 7 8 1  0.0005 6 

6.8 1 .4 

4.2 0 . 1 1 1  

0.06 0.0 1 

After amaranth dye was pulsed into the juice circuit of both the small and pilot plant 

DOC modules, the flow up the channel was observed to be well mixed and relatively 
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Figure 5.4. OA plate of the pilot plant DOC module 

Not drawn to scale 

(Source : Herron et aI . ,  1 994) 
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Figure 5.5. Schematic drawing of side view of DOC module 

Juice circuit flows in the direction of the arrows. 
OA circuit flows at right angles to the page, with an overall flow in the same direction 
as the juice circuit arrows . 

o - flow direction, out of the page 

® - flow direction, into the page 

Two membranes, 1 a  and 1 b, enclose the juice circuit. 
Two OA channels, 2a and 2b, represent the OA circuit. . 

The hydraulic pressure inside the juice circuit was about 1 5  kPa greater than the 
hydraulic pressure in the OA circuit. This forced the two membranes apart and against 
the support bars l in ing the OA channe l .  Where there was no support bar, the membrane 
was forced onto the OA channel . This created a corrugated flow path for the juice circuit 
up through the module. 
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uniform across the width of the module from bottom to top .  No channel l ing was 
observed . A range of flow and hydraul ic conditions were assessed . These conditions are 
shown in F igure 5 .6 .  There were no visual differences in flow pattern for any of the 
conditions tested. The typical movement of dye up the DOC module is shown in F igure 
5 .6 .  The flow pattern was identical for all OA operating conditions from being left 
empty to contain ing 0 .7  g (g solution - I )  fructose solution. 

For the pi lot plant DOC module, the hydraul ic pressure at the module inlet of the juice 
circuit was h igher than that in the small module, this was because of the greater static 
head of the pi lot plant module. The operating hydraul ic pressure at the juice circuit inlet 
was 1 3 . 5  - 1 7  kPa in the small module and 25  - 30  kPa in the pi lot plant module. 

For all experiments to determine water flux rates, water only was used in the juice 
circuit. 

5.3. Flow in the OA circuit  

Although the O A  enters and exits the module at the same position i n  the module as the 
juice circuit, the OA flow was forced perpendicular to the juice circuit flow on a path 
determined by the horizontal flow channels. The flow characteristics i n  the OA circuit 
were examined after amaranth dye was pulsed in the flow channels, as shown in Figure 
5 .7 .  The flow characteristics of the OA in the horizontal flow channels was observed to 
be laminar in both the small laboratory and pi lot plant DOC modules. 

At the beginning of each horizontal OA channel there was a small amount of mixing but 
this was quickly dampened out. At lower OA concentrations (0. 1 to 0.3 5 g (g solutionfl 
fructose) boundary layers gradual ly formed along the length of each flow channe l .  At 
the h igher OA concentrations (0.5 to 0.7 g (g solutionfl fructose; 0.4 to 0.6 

g (g solutionfl sucrose) the dye travel led down the centre of the flow channels .  The 
boundary layers appeared to form virtual ly immediately at the entry to each flow 
channel . 

The velocity boundary layer next to the membrane provided some resistance to the mass 
transfer of water. The existence of boundary layers in the OA flow channels indicated 
that perfect mixing was not occurring at the membrane surface. Because water exiting 
the active layer of the membrane di luted the OA at the surface, a concentration gradient 
was set up with in  the boundary layers. Thus the concentration of OA at the membrane 
surface was not the same as the concentration in the OA free-stream . The movement of 
particles in the boundary layer, due to diffusion or convection, was considered to be 
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Figure 5.6. The progress of amaranth dye in the juice circuit 

The juice circuit was equil ibrated with water. Then an amaranth dye solution was pulsed into the juice circuit flow at time "zero", and its 
progress up the module was recorded. 

Module setup : 
Juice circuit 
Volumetric flow rate 
Inlet hydraulic pressure, juice circuit 
Inlet hydraulic pressure, OA circuit 

- water at 20 ± 1 °C 

_ 4 x 1 0 -5 m3 S-l  
- 1 3 . 8  kPa 
- 0 kPa 

Volume within  module in the juice circuit - ... 1 .26 x 1 0 -4 m3 

The same pattern of flow was observed with the fol lowing conditions : 
- sucrose solutions in the juice circuit (0 .2 to 0.4 g (g solutionfl) 
- air or fructose (0. 1 to 0 .7 g (g solutionfl )  in OA circuit 
- volumetric flow rates in juice circuit from 3 . 3  x 1 0 -5 to 6.3 x 1 0 -5 m3 S- l  
- hydraul ic pressures in juice circuit from 0 to 3 1  kPa 
- hydraul ic pressures in OA circuit from 0 to 7 kPa 
- pilot plant DOC module, under similar ranges of operating conditions 
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Figure 5.7. The progress of amaranth dye in the OA circuit 

The juice circuit was equil ibrated with water. Then an amaranth dye solution was pulsed into the OA circuit flow at time "zero", and its progress 
up the module was recorded. 

The flow patterns presented were observed when 
(a) fructose solution at 0. 1 0  g (g solutionfl ,  at 20 ± 1 °c 
(b) fructose solution at 0.70 g (g solutionfl, at 20 ± 1 °c 

The progression of the dye up the module is shown after approximately 30 seconds. 

Juice circuit 
OA circuit 
Juice circuit volumetric flow rate 
OA circuit volumetric flow rate 
Juice circuit inlet hydraulic pressure 
OA circuit in let hydraulic pressure 

- water at 20 ± 1 °c 
- fructose solutions, at 20 ± 1 °c 
_ 4 X 1 0-5 m3 S-I 
_ 7 X 1 0 -6 m3 S- I  
- 1 3 . 8 kPa 
- 0 to 6 kPa 

The same pattern of flow was observed in the pi lot plant DOC module, under similar ranges of operating conditions. 



0 � \\'<� .... 

/ � 
1\ 

� I� 

'--- '---

0 � k,,� � ,� ,� �, " ," .... :-.. 

I \ , �� � 
\ , , , , 

v 
, � 

, � , � , , � � , , , , , '--- ''M , � -,�, \-';:" 



1 30 

essential ly perpendicular to the membrane. Water molecules exiting the membrane 
surface were not immediately swept away into the free stream of the OA circuit but 
remained at the surface and slowly diffused outward. The rate at which the water 
diffused away from the membrane and OA solute diffused toward the membrane, was 
dependent on the diffusion rates of the solute and water molecules in the boundary layer. 
The thickness of the boundary layer also influenced the concentration at the membrane 
surface. 

The cross section dimensions of the OA flow channels were virtual ly the same in both 
modules . A diagram of an individual OA flow channel is shown in F igure 5 .8 .  The 
dimensions of the flow channel in the OA circuit, the flow conditions and the 
corresponding Re number for the small laboratory and pi lot p lant DOC modules are 
presented in Table 5 .2 .  The Re number calculated was based on the free-stream fluid 
velocity in the centre of the flow channel and the entire channel cross-sectional area of 
flow [Equation (2 .20)] .  The Re number in  the boundary layer is different, based on the 
boundary layer thickness [Equation (2. 54)] . The cross-sectional area of flow in which 
the flow was at the free-stream velocity was smal ler than the channel cross-sectional 
area of flow. The Re number in the free-stream velocity channel would be marginal ly 
higher than one calculated from the entire channel . For example, if the boundary layers 
were 20% of the flow area, the Re number for 0. 1 g (g solutionfl fructose solution in 
the smal l  module would be 2 3 0  compared to 2 1 1 for the entire channel . The flow in the 
OA flow channels was defin itely laminar. 

5.3. 1 .  Entry length for fully-developed laminar flow 

The actual length of the channels was 0. 1 545 m .  The entry length required to al low 
ful ly-developed flow in the OA flow channels was calculated for fructose and NaCI 
solutions according to Equation (2 . 56) .  The values for the entry length L '  are presented 
in Table 5 . 3 .  

Ful ly-developed laminar flow impl ies the boundary layers from the two sides of the flow 
channel have met and the flow is laminar along the channel . With fructose solutions at 
0 .5  g (g solutionfl the entry length before ful ly-developed laminar flow, was calculated 
to be 0.04 m, a quarter of the length of each flow channel . For fructose solutions at 0.7 

g (g solutionfl the entry length was 0 .003 m, ful ly-developed lam inar flow was formed 
almost immediately after entry into the flow channel . Ful ly-developed laminar flow 
exists for greater than 50% of the flow channel for fructose solutions greater than 0 .5  

g (g  solutionfl . 
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Figure 5.8. A single OA flow channel 

Schematic diagram showing the direction of the x, y and z coordinates in the OA flow 
channel . 

Qm - mass flow rate along OA flow channel, kg S - I 

m..., - mass flow rate of water across membrane per unit area, kg m -2 S - I 

Lm - length of each OA flow channel, 0. 1 545 ± 0.0005 m 
h - equivalent flow channel height; distance between membrane and OA wal l when 

membrane was ful ly deflected, 0.0 1 7  ± 0.00 1 m 
w - width between two membrane support bars, 0 .0 1 43 ± 0.000 1 m 
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Table 5.2. Dimensions and flow conditions in the OA circuit 

a. Dimension of channel with no membrane. 
b .  Cross sectional area of flow = flow channel height x flow channel width 

The channel is rectangular therefore the equivalent diameter is calculated using Equation (2 .53), 

D = 4 x cross sectional area of flow H 
c.  For fructose solutions. 

wetted perimeter 

d. Density and viscosity of fructose solutions determined as described in Chapter 4.  

e. Reynolds number was calculated using Equation (2.20) 

p - fluid density, kg m -3 

Re 

U - free stream velocity, m S-l (= OA bulk stream velocity, based on entire channel width) 

/..l - fluid viscosity, kg m -1 S-l 
DH - equivalent hydraul ic diameter of flow channel, m 
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(2 . 53 )  

(2.20) 



DOC module size � Small laboratory module Pilot plant module 

DOC module characteristics Mean SE n Mean SE Mean SE n Mean SE 

Flow channel width, w (my 0.0 1 43 0.000 1 1 7  0.0 1 43 0.000 1 1 03 

Flow channel height, h (m)' 0.020 1 0.000 1 1 9  0.0209 0.0008 1 03 

Cross-sectional area of flow 2.87 0.0 1 3 .0 0 . 1 

(x 10 -4 m2)b 

Perimeter of flow area (m) 0.0688 0.000 1 0.0704 0.0008 

DH (m) 0.0 1 7  0.00 1 0.0 1 7  0.00 1 

Volumetric flow rate (x 10 -6 m3 S- I )" 7 .0 0.3 7.0 0.3 

Mean fluid velocity (m S-I) 0.024 0.00 1 0.023 0.00 1 

OA: fructose solutiond 0 . 1 0  0.0 1 0.70 0.0 1 0 . 1 0  0.0 1 0 .70 om 

(g (g solution -I ) 

OA density (kg m -3) 1038.5 0. 1 1 334.3 0. 1 1 038.5 0 . 1 1 334.3 0. 1 

OA viscosity (kg m-I S- I)  0.00 1 3 5  0.00002 0. 1 59 0.004 0.00 1 3 5  0.00002 0. 1 59 0.004 

Reynolds number· 2 1 1 3 203 3 
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Table 5.3. Entry length for fully-developed flow at 20°C 

Concentration Mole Densityb ViscosityC 
(g (g solutionrl) fraction' (kg m -3) (kg m -I S - I ) 

Fructose 

0 . \ 0  0 .Q l 1 1 038. 1 0.00 1 3 5  

0.30 0 .04 1 1 1 27 .3  0 .0030 1 

0.50 0.0 9 1  1 229.2 0 .0 1 1 4 

0 .60 0 . 1 3  1 284.9 0.0330 

0.70 0 . 1 9  1 343.7 0. 1 59 

NaCI 

0.05 0.0 1 6  1 033 .7 0.00 109 

0 . 1 5  0 .052 1 1 08.4 0.00 1 3 5  

0.25 0 .093 1 1 88. 1 0 .00 1 90 

a. Mole fraction (x) [Equation (2.4 1 )] .  

b.  Calibration curves Section 4 . 1 (Wolf et  a I . ,  1 984). 

c .  Fructose, experimental data; NaCl, Wolf et aI., 1 984 . 

d. Reynolds number. 

e. L 'IDH ",0.0575Re, Equation (2.56) (Foust et aI., 1 980). 

5.4. DOC membranes 

5.4. 1 .  Mem brane structure 

Red 

3 1 4.9 

1 52.7 

43.9 

1 5 .9 

3 .4 

387 .7  

336.3 

255.6 

1 3 5  

L '/DHe L '  
(m) 

1 8. 1  0 .3 1 

8 .8 0 . 1 5  

2 .5  0 .04 

0 .9  0 .0 1 5  

0 .2  0.0034 

22.2 0 .38 

1 9.3 0.33 

1 4 .6 0.25 

The membranes used in the DOC module for experiments were Osmotek Type B 
membranes . The membrane was examined under a l ight m icroscope and the thickness 
of the membrane was determined. The membrane was asymmetric and consisted of an 
active membrane layer, its thickness ranged from 1 0  to 1 5  11m, and a porous support 
membrane layer, its thickness ranging from 1 20 to 1 50 11m thick. A nylon mesh support 
was included in the support membrane layer during manufacture (Herron, 1 995) .  A 
diagram of the membrane is presented in F igure 5 .9 .  

5.4.2. Mem brane o rientation 

The membranes used for DOC, being asymmetric can be placed in the module either 
with the active layer facing the juice circuit and the support layer facing the OA circuit 
(normal orientation) or vice versa (reversed orientation) .  When the DOC unit was used 
for juice concentration, the membranes were placed with the active s ide facing the juice 
circuit and the support layer facing the OA circuit. 
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Figure 5.9. DOC membrane structure 

am - Active layer of membrane, 1 0  - 1 5  11m thick. 

sm - Support layer of membrane, porous, 1 20 - 1 50 11m thick. 

Nylon mesh embedded in support layer matrix .  
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The active layer was the semi-permeab le non-porous membrane layer. The thick support 
layer was the porous layer consisting of a series of open and tortuous pores. This layer 
was estimated to be about 50% porous (Herron, 1 995) .  Fifty percent of the layer is open 
pores and the rest is non-porous membrane materia l .  Due to the support layer's high 
porosity the solution from the adjacent channel can become trapped in the pores forming 
an essential ly stationary boundary layer. 

Resistance to the mass transfer of water was provided by each layer and their influence 
was quite different. The orientation of the membranes in the DOC module has an 
influence on the water flux rates (Rautenbach and Albrecht, 1 989). 

5.4.3. Mem brane a rea at equilibrium 

The total membrane area available for mass transfer in  the DOC modules was calculated 
by taking into account the membrane deflection, the presence of support bars b locking 
the membrane and the two end sections around the in let and outlet ports . The membrane 
area avai lab le in each section of the OA plate divided as shown in Figure 5 . 3 (b) was 
calculated separately to take into account the membrane deflection in each section .  

To estimate the total membrane area, it was assumed at max imum deflection the 
membrane formed a circular arc, as shown in Figure 5 . 1 0 . The arc l ength (La) of the 
membrane between the two support members was calculated using the fol lowing 
equation [The derivation of the equation is presented in Appendix A I ] . 

sin - I (�) L a 
w 

L" - length of membrane arc between two support bars or members, m 

(5 . 1 ) 

,1. - membrane deflection between two membrane support bars or members, m 
w - width between two adjacent membrane support bars or members, m 

In sections 1 and 3, a sol id piece of polycarbonate attached to the OA plate restricted 
further deflection of the membrane past it .  The extra piece of polycarbonate is shown 
in F igure 5 . 3 (b) .  The maximum deflection possible in these sections was l imited to 
0 .00794 m .  In these two sections the radius of curvature and arc length, based on this 
maximum deflection for a rectangular piece of membrane, was calculated using Equation 
(5 . 1 ) . The total active membrane area in sections 1 or 3 was estimated for a rectangular 
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Figure 5. 1 0. The membrane gap and deflection between two support bars 

(a) Membrane deflection during operation . 

(b) Calculated membrane deflection between two spacer bars . 

La - length of membrane arc between membrane support bars 
= 0.0 1 6  ± 0 .009 m 

w - width between adjacent membrane support bars = 0.0 1 43 ± 0 .000 1 m 
� - membrane deflection between two support bars = 0.003 3 ± 0 .0008 m 
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piece of membrane, taking into account the radius of curvature calculated from the 
maximum deflection . Then the fol lowing were subtracted from the membrane area; 
missing comers of membrane and the inlet and outlet port areas . 

For the smal l laboratory module, La ranged from 0 .044 ± 0.002 to 0 .055 ± 0 .002 m in 
sections 1 and 3 .  For the pi lot plant module and two OA plates, La ranged from 0.089 
± 0.004 to 0 . 1 00 ± 0 .004 m .  The calculated membrane areas in sections 1 and 3 of the 
small laboratory and pi lot plant DOC modules are presented in Table  5 .4. 

In section 2, the membrane deflection (d) was estimated from the thickness of the gap 
between the two membranes during constant operation and the distance between two 
opposite support bars (Herron, 1 995) [Figure 5 . 1 0] .  Based on the data of Herron ( 1 995) 
the membrane deflection was calculated to be 0 .0033 ± 0.0008 m, assuming a circular 
arc was formed by the membrane. The membrane arc length La, between the two support 
bars in section 2 was calculated using Equation (5 . 1 )  and the fol lowing measurements : 
w = 0 .0 1 43 ± 0 .000 1 m and d = 0.0033 ± 0 .0008 m .  Therefore, La = 0 .0 1 6  ± 0.009 m, 
between two support bars . The radius of curvature of arc, r = 0 .0094 m, e = 1 . 73 rad. 

The length of each horizontal OA flow channel = membrane length across module, Lm. 
For the small laboratory module; Lm = 0. 1 545 ± 0 .0005 m and for the pi lot plant 
laboratory module; Lm = 0. 1 78 1  ± 0 .0005 m .  Avai lab le membrane area between support 
members = La X Lm. 

In section 2, the avai lable membrane area = n x La X Lm, where n = number of 
horizontal flow channels in section 2. In the small l aboratory DOC module, there were 
1 7  horizontal flow channels, 8 in one OA plate and 9 in the second. In the pi lot plant 
DOC module, there were 1 03 horizontal flow channels, 5 1  in one OA plate and 52 in 
the second. The membrane areas in section 2 and the total membrane area avai lable for 
mass transfer, for the two DOC modules, are presented in Table 5 .4 .  



Table 5.4. Total membrane area available for mass transfer 

Membrane area (m2) 

DOC module � Small laboratory module Pilot plant module 

section I "  0.0 108 ± 0.0004 0.0 1 76 ± 0.0009 

section 2b 0.043 ± 0.024 0.30 ± 0. 16  

section 3 "  0.0 1 06 ± 0.0004 0.0 1 66 ± 0.0009 

Total 0.064 ± 0.024 0 .33 ± 0. 1 7  

No. flow channels in section 2c (n) 1 7  1 03 

a - Section of membrane around the inlet and outlet ports [Figure 5 .3(b)] .  

b - Middle section of the membrane where the support bars are present. 

c - For two OA plates. 

5.4.4. Mem brane stretching and mem brane gap 
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The DOC membranes did not remain static during operation. Once l iquid was introduced 
into the juice circuit the membranes stretched unti l they reached a maximum deflection, 
at a constant pressure. As the membranes stretched the volume in the juice circuit 
increased and the gap between the membranes changed. The flow rate of water into the 
juice circuit was greater than the flow rate of water into the OA circuit for about the 
first 40 minutes as shown in F igure 5 . 1 1 . The same results were obtained with fructose 
solutions at 0 . 1 ,  0 .3 and 0 .7  g (g solutionfl as OAs. It was therefore important to 
equi l ibrate the membranes before any measurements were taken . 

The membrane gap was determined during constant operation . The gap between the 
membranes was on average 0.003 8 m (error ± 20%) and the front faces of opposite 
membrane support bars were 0 .0005 m apart when the module was closed (Herron, 
1 995) .  The measurements suppl ied by Herron ( 1 995) were used because the membrane 
gap was not able to be measured on the modules used during this work. Using the value 
for the membrane gap from Herron ( 1 995) the volume of the juice circuit, in the module, 
was estimated based on the volume of a thin slab .  The volume was calculated to be 1 .26 
x 1 0 -4 m3 . The hold up volume of the juice circuit, in the module, was measured and 
found to range from 0.75 x 1 0 -4 to 1 . 5 X 1 0 -4 m3 .  

The error for the average gap thickness between the membranes was ± 20% (Herron, 
1 995) .  To determine the effect of this error on subsequent flux rate calculations, the total 
membrane area was calculated for the two extreme values of the membrane gap 
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Figure 5. 1 1 .  Water flow rates into and out of j uice circuit 

Module setup 
Juice circuit - water only at 20.0 ± 0 . 1 °C 

- flow rate 4 x 1 0 -5 m3 S - 1 

OA circuit - 0 . 5  g (g solutionfl fructose solution at 20 .0 ± 0 . 1 °C 
- flow rate 7 x 1 0 -6 m3 S - 1  

o - mass flow rate of water entering juice circuit from juice circuit feed vessel 

- mass flow rate of water moving out of the juice circuit across the membrane 
into the OA circuit. 
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thickness. That is, for the smal l DOC unit the membrane area was equal to 0 .060 and 
0 .068 m2, at the two extremes. The mass flux rates calculated with these membrane areas 
were found to vary by ± 6% compared to using the mean value of 0 .064 m2 for 
membrane area. 

5.4.5. Salt permea bility test fo r new membranes 

The permeabi l ity of each new set of membranes to NaCI was used to ascertain that each 
new batch had s imi lar mass transfer properties to al l previous batches. Fol lowing three 
hours of continuous operation, under a standard set of operating conditions, the amount 
of salt which passed through the membrane into the juice circuit from the OA circuit, 
contain ing 0 . 1 5  g (g solutionfl NaCI solution, was determined. The DOC unit was not 
operated at steady state conditions, as the volume of OA was smal l its concentration 
decreased over the three hours operation with the uptake of water from the juice circuit. 
The concentration of the fructose solution in the juice circuit increased from 0. 1 
g (g solutionfl to approximately 0 .2 g (g solutionfl . The amount of salt transferred 
across the membrane was found to be on average 2 .3  ± 0 . 1 g per kg water transferred 
from the juice circuit under the conditions outl ined in Section 3 .2 . 1 6  (n = 5, with 
membranes from two different batches) .  

5.5. Equi l ibration of DOC module 

Because the membranes stretched when water was introduced into the juice circuit and 
continued to do so unti l maximum deflection was obtained, there was a need to 
equi l ibrate the apparatus before recording any data. 

In pre l iminary trials it was found that the concentration of OA exiting the DOC module 
reached a steady-state after 5 to 1 0  minutes from start-up . This was found for fructose 
solutions ranging from 0. 1 to 0 .7  g (g solutionfI After 1 0  minutes, any residual water 
in the OA circuit had been flushed out. The water movement from the juice circuit 
across the membrane was smal l .  The concentration of OA exiting the DOC module 
remained relatively constant over the 1 05 m inutes operating period. With 0 . 7  g (g 
solutionf' fructose as the OA, its concentration exiting the DOC module was reduced 
by only 1 % after one pass (from six repl icate trials) .  

However, despite the prel iminary flushing of the OA circuit fol lowing start-up, the 
membrane continued to stretch for a considerable time and the experimental 
determination of initial flux rate was very inaccurate and h ighly variable .  To determine 
the membrane equi l ibration time required, water flux rates were measured from start-up 
for a period of two hours operation with no recycl ing of OA. A range of fructose 
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concentrations were used. As the best estimate of the true steady-state flux rates, a mean 
water flux rate was calculated from data col lected at 75, 90 and 1 05 minutes. The 
difference (residual standard error) between that mean flux rate and the individual 
measured flux rates at each time period for a given fructose concentration was 
calculated. The results are shown in Figure 5 . 1 2 . It can be seen that the measurement 
of flux rates up to 45 minutes of operation incurred considerab le error. The flux rates 
after 45 minutes operation were within three standard errors of the calculated mean 
water flux rates . To provide a safety factor, the membranes were equi l ibrated for 60 
minutes prior to data recording. 

In the pi lot plant DOC module, using s imi lar procedures, it was found that 20 minutes 
was required to flush the system . A detai led analysis of the membrane equi l ibration time 
required for the large DOC module was not completed . It was decided to equi l ibrate the 
membranes in  the large DOC module for 90 minutes prior to data recording. 

5.6. Osmotic agent concentration changes after DOC 

For ease of operation, pragmatic needs for a reasonable volume of OA, and in accord 
with recommended system operation, the OA circuit was recirculated through the module 
during its operation . It was important to keep the OA concentration roughly constant 
throughout any one experiment. Given the experimental errors involved, it was assessed 
that the concentration of OA in the reservoir could change by up to 5% from the initial 
concentration without s ignificantly influencing water flux rates. To faci l itate this, the 
procedure described for experimental operation of DOC apparatus [see 3 .2 . 1 2] was 
fol lowed . 

To assess the impact of these assumptions, the module was equi l ibrated as described 
and operated for 45 m inutes . At the end of that time the OA concentration was 
remeasured . The data are shown in Table 5 . 5 .  It is clear that al l  concentrations remained 
below the 5% l imit  chosen for these trials, except for NaCI at 0.23 g (g solutionfI For 
fructose and NaCI solutions a drop in concentration of 5% wi l l  result in a maximum 
reduction in the osmotic pressure of 3 MPa at 0 .7 g (g solutionfl for fructose and 0.23 
g (g solutionfl for NaCI .  
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Figure 5. 1 2. Water flux rate errors during membrane equilibration period 

Module setup :  
Juice circuit - water at 20.0 ± 0. 1 °C 

- flow rate 4 x 1 0 -5 m3 S - I 

OA circuit - fructose solutions, one pass through the module and no recirculation, at 
20.0 ± 0. 1 °C 
- flow rate 7 x 1 0 -6 m3 S - I 

- Data represent combined results from a range of OA fructose concentrations : 0 . 1 ,  0 .2 ,  
0 .35,  0 .5 ,  0 .6  and 0 .7  g (g solutionfl . 

- "Zero time" represents the time when the OA exiting the module was first col lected 
in the tared bucket. 

- Individual water flux rate = Increase in mass of OA / membrane area / time 
(kg m -2 S - I ) [determined in tripl icate] . 

- Mean flux rate for any one concentration = average of data from 75, 90 and 1 05 
minutes . 

- Residual standard error = Mean flux rate - Individual water flux rate at time t. 

- Overal l standard error of mean flux rates = 3 .4 x 1 0 -5 kg m -2 S - I  (n = 3) .  
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Table 5.5. Impact of 45 minutes recirculation on OA concentration 

Module setup: 
Jui ce circuit - water 

- flow rate 4 x 1 0 -5 m3 S-I 
OA circuit - OA circulated for 45 minutes after membrane equi libration 

- flow rate 7 x 1 0 -6 m3 S-I 

OA concentration - mean ± SFlvf 

OA mass - small laboratory DOC module, approximately 25 kg 
- pilot plant DOC module, approximately 56 kg 



OA solute Temperature (0C) Small laboratory module Pilot plant module 

Mean concentration (g (g solutionrl)  Mean concentration (g (g solution) -I ) 

Initial Final n % change Initial Final n % change 

Fructose 1 0.0 ± 0. 1 0. 1 030±0.000 1 0. 1030±0.000 I 2 0.0 

0.3 52±0.003 0.350±0.002 2 0.6 

0 .5050±0.000 I 0.5004±0.0008 2 0.9 

0.697±0.002 0.692±0.003 3 0.7 

20.0 ± 0. 1 0 . 1 04±0.002 0. 1 0 1 ±0.00 1  5 2 .9 0. 1 035±0.0006 0. 1 0  1 9±0.0008 3 1 .5 

0 .352±0.002 0.343±0.002 6 2.6 0.3523±0.000 I 0.343 1±0.000 1 2 2.6 

0.494±0.003 0.487±0.003 I S  1 .4 0.503±0.004 0.488±0.003 2 3.0 

0.693±0.003 0.676±0.006 7 2 .5 0.68±0.01  0.662±0.004 3 2.6 

40.0 ± 0. 1 0 . 1 030±0.000 1 0. 1 0 1 2±0.0005 2 1 .8 

0 .3490±0.0008 0.3453±0.0007 2 l . l  

0 .505±0.002 0.492±0.003 2 2.6 

0 .696±0.002 0.68 1 ±0.00 1 2 2 .2 

NaCI 20.0 ± 0. 1 0 .0200±0.0003 0.0 1 99±0.0003 4 0.5 

0 . 1 027±0.0004 0.0989±0.0009 5 3 .7 

0 . 1 473±0.0005 0. 1426±0.0006 9 3 .2  

0.2305±0.0004 0.2 1 8±O.003 4 5.4 
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5.7. Mass balances 

Mass balances were completed for each experimental run with both DOC modules .  
There were no significant losses of  solute or  solvent from the DOC system during the 
experimental runs .  Any differences in water or solute masses in the juice or OA circuit 
were within the experimental errors calculated for both fructose and NaCI OAs and for 
different operating conditions. I n  the experimental runs where solute from the OA was 
detected in the juice circuit, the amount of solute in the juice circuit was less than the 
experimental error for solute lost from the OA circuit. 



CHAPT E R  6 
MASS FLUX RATE S  IN THE SMALL DOC 

MODULE 

I n  this chapter the results o f  water and solute flux rates obtained in  the smal l laboratory 
DOC module are presented. The influence of OA velocity, osmotic pressure, 
temperature, nature of osmotic agent, OA viscosity, OA diffusion coefficient and 
membrane orientation on water flux rate were determined. The evidence of any solute 
transfer was presented for the different OAs used. The influence of OA and operating 
conditions on solute flux rate was determined. From these results the resistances to the 
mass transfer of water from the juice circuit to the OA circuit were ascertained and the 
factors affecting these resistances were discussed. 

6. 1 .  Flow veloc ity and water flux rate 

The effect of flow velocities in the juice and OA ci rcuits on water flux rate is presented 
in Table 6 . 1 .  

Table 6. 1 .  Water flux rates and flow channel velocity at 20De 

Juice circuit' OA circuitb 

Flow rate Velocity 

(m) S -I ) (m S- I ) 

4 x 1 0  -5 c 0.07 

7 x 1 0 -5 0 . 1 2  

7 x 1 0 -5 0 . 1 2  

a Juice circuit, water. 

Flow rate 

(m) S -I ) 

7 x 1 0 -6 c  

7 x 1 0 -6 

1 .6 x 1 0 -5 

b OA. 0.7 g (g solutionrl fructose solution. 

c Conditions for standard operation. 

d Batch I ,  DOC membranes. 

Velocity 

(m S - I ) 

0.024 

0.024 

0.055 

Water flux rated 
(kg m -2 S -I ) 

0.00 143 ± 0 .00004 

0.00 148  ± 0 .00003 

0.00 1 59 ± 0.00004 

The flux rate obtained fol lowing a 7 1 .4% increase in juice circuit velocity was not 
significantly different (p 1 0.05) to the flux rate obtained under cond itions used for 
standard operation. The flux rate obtained after increasing the velocity in  the OA circuit 
by 1 25% was not sign ificantly greater (p 1 0.05) than the flux rate obtained under 
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standard operating conditions. It would appear that the increase in OA velocity had an 
insignificant effect on the th ickness of the velocity boundary layers. 

6.2. I m pact of osmotic pressure difference on water flux rate 

Water flux rates obtained in the DOC unit are presented in Figure 6 . 1 with respect to 
the osmotic pressure difference between the juice circuit's free-stream osmotic pressure 
(7tj) and the OA circuit's free-stream osmotic pressure (7tOA)' As water only was present 
in the juice circuit ttj = o. 

Under ideal conditions, the water flux rate should be directly proportional to the osmotic 
pressure difference (Lonsdale, 1 972; Lee et aI . ,  1 98 1 ;  Strathmann, 1 98 1 ;  Cheryan and 
Nichols, 1 992). However, the water flux rate for the DOC system was not l inearly 
proportional to osmotic pressure difference between the two solutions. This shows the 
DOC system was not ideal, in accord with observations of others (Lonsdale, 1 972; Lee 
et aI . ,  1 98 1 ;  Cheryan and Nichols, 1 992). It has been proposed that the asymptotic curve 
relating water flux rate to osmotic pressure difference between the two bulk solutions 
was due to the concentration boundary layers next to the membrane and within the 
porous support layer of the asymmetric membranes (Kessler and Moody, 1 976; Lee et 
aI . ,  1 98 1 ;  Honda and Barclay, 1 990). 

Osmotic pressure differences were calculated from the two bulk free-stream 
concentrations on either side of the membrane. This osmotic pressure difference was not 
the true difference across the membrane because of the concentration boundary layers 
that exist between the bulk free-stream and the membrane. To calcu late the actual 
osmotic pressure across the membrane the solute concentration adjacent to the membrane 
must be determined. Resistance to the transfer of water from the membrane to the free
stream was encountered in the boundary layer. On the juice side of the membrane water 
only was used and there was no concentration boundary layer or resistance to water 
transfer in this channel . 

6.3. Influence of tem perature on water flux rate 

Temperature was considered to have an important influence on water flux rate. The 
impact of temperature on water flux rates in the DOC module is shown in Figure 6 .2 .  
The general shapes of the curves at different operating temperatures are the same. The 
flux rate curves at the three operating temperatures are statistical ly  different (p < 0 .0 1 ) . 
With increasing operating temperature there was a corresponding increase in the water 
flux rates obtained in the DOC system . 
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Figure 6. 1 .  Impact of osmotic pressure difference on water flux rates in the small 

laboratory DOC module 

Module set up: 
Juice circuit - water only at 20.0 ± 0 . 1 °C 

- flow rate 4 x 1 0 -5 m3 S -1 

OA circuit - fructose solutions at 20.0 ± 0 . 1 °C 
- flow rate 7 x 1 0 -6 m3 S - 1  

o - Mean of experimental ly determined data. The horizontal l ines represent 

two standard errors about each mean . The data points are joined by a best 

fit l ine. The overal l standard error of the means (SEM) = 5 X 1 0 -5 for n 

= 3 .  

Number of repl icate trials :  

OA concentration Osmotic pressure difference, 
(g (g solutionr' )  t.7ta 

(MPa) 

0 . \ 0  1 .5 

0 .35 8 .0 

0.49 14 .2 

0.69 28.9 

a. Osmotic pressure difference, t.7t = (7tOA - 7tJ) and 7tJ = O. 

Number of trials 

3 

3 

I I  

5 
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Figure 6.2. Influence of temperature on water flux rates in the small laboratory 

DOC module 

Module set up: 

Juice circuit - water only, flow rate 4 x 1 0 -5 m3 S - 1 

OA circuit - fructose solutions, flow rate 7 x 1 0 -6 m3 S -1 

Operating temperatures (± SElv! for n = 3)  were: 1 0 .0 ± 0 . 1 °C ; 20 .0 ± 0 . 1 °C; 

40.0 ± 0 I °C 

Data points presented are means of experimental ly determined data. The horizontal l ines 

represent two standard errors about each mean . The overal l standard error of the means 

(SEM) = 6 X 1 0 -5 for n = 2 .  

Number of  repl icate trials :  

Approximate OA Osmotic pressure Operating temperature 
concentration difference, �1t' 

(g (g solutionr') (MPa) 1 0°C 

0. 1 0  1 . 5 2 

0.35 8.0 2 

0.50 1 5 .0 2 

0.70 30.0 3 

a. Osmotic pressure difference, �1t = (1tOA - 1tJ) and 1tJ = O.  

20°C 40°C 

3 2 

3 2 

I I  2 

5 2 

Best fit response curves were fitted using non l inear least squares regression [see 3 . 3 . 1 ] . 

Where y = water flux rate, x = osmotic pressure difference and a, b and c are constants, 
the form of the curves was 

ax 
y 

( 1  + b x y  

The value of the coefficients for each temperature are : 

a b c 
Fructose. 1 0°C 0.002 1 2.64 0.83 

Fructose, 20°C 0.00 1 2  0.69 0.95 

Fructose. 40°C 0.00 1 3  0.54 0.92 

The FSt.alislic calculated from the residual mean square of a single curve fit to al l the data 
and the residual mean square from the individual fitted curves was 1 04 .2, degrees of 
freedom 6 and 3 .  
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The relationsh ip between water flux rate and temperature was found to fit  an Arrhenius 
relationship, shown in Figure 6 . 3 .  The activation energies (Ea) determined from the 
slopes of each graph are presented in Tab le 6 .2 .  

Table 6.2. Activation energies for water flux during DOC 

Fructose concentration Slope EjR' sd of slope r Eo 
(g (g solutionrl) (K) (J mol - I ) 

0. 1 980 50 0.997 8, 1 80 

0 .35 1 490 70 0.998 1 2,440 

0.5 1 823 2 1 .00 1 5, 1 56 

0.7 1 500 200 0.990 1 3 ,000 

a. Determined from regression analysis of Arrhenius plots. 

Using these data it was determined that for every one degree Kelvin rise in temperature, 
there was a corresponding 1 to 2% increase in the flux rate using fructose OA solutions 
from 0. 1 to 0 . 7  g (g solutionfl . For RO, using cellulose acetate membranes, water flux 
rates were also found to increase with operating temperature. Lonsdale ( 1 972) found the 
flux rate during RO increased by 3% for every increase in degrees Kelvin, with 
activation energies of 20 - 25 kJ mol -I . There are no simi lar data publ ished for DOC . 

Temperature affects solution properties such as viscosity and diffusion coefficients, and 
this may be a key reason for the differences in flux rates. As the viscosi ty of a solution 
decreases with increasing temperature, the diffusion coefficient of the solution increases. 
The rate at which the water molecules could diffuse away from the membrane would 
affect the concentration and driving force for water transfer at the membrane edge. The 
effect of temperature on diffusion coefficients for fructose solutions was shown in Figure 
4 . 1 1 . For a fructose solution at 0 . 5  g (g solutionfl as the OA, the diffusion coefficient 
increases by 50% between 1 0  and 20°C and by 1 1 0% between 20 and 40°C . Water flux 
rates with this OA, increased by 30% between 1 0  and 20°C and 45% between 20 and 
40°C. 

Temperature may also have an effect on the membrane and membrane transport 
properties. The mechanism of transfer of water and solute across the active l ayer of a 
semi-permeable membrane is considered to be solution and diffusion (Merton 1 966; 
Lonsdale, 1 972; Rautenbach and Albrecht, 1 989). The solution and diffusion processes 



1 59 

Figure 6.3. Relationship between temperature and water flux rate for fructose 

solutions 

Module set up : 
Juice circuit - water only, flow rate 4 x 1 0 -5 m3 S -1 

OA circuit - fructose solutions, flow rate 7 x 1 0 -6 m3 S -1 

Data points presented are means of experimental ly determined data. The horizontal l ines 
represent two standard errors about each mean . 

Linear regressions were carried out on the mean mass flux rate values. 
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are both influenced by temperature, mediated through the membranes capabi l ity to 
solub i l ise molecules and the ease of diffusion through the membrane matrix .  For solvent 
flux described by the solution-diffusion model, the term outside the brackets in Equation 
(2.24) is equivalent to the membrane constant. This term is dependent on the diffusion 
coefficient in the membrane, solute concentration in the membrane, and on temperature 
(Merton, 1 966; Rautenbach and Albrecht, 1 989). 

The temperature dependent properties of the membrane were not measured in this study. 
The DOC system was not operated at a temperature above the maximum temperature 
(40°C) for the DOC membrane recommended by the membrane manufacturer. Above the 
maximum temperature the membrane properties may change (Herron, 1 995) .  

6.4. Water flux rates and OA solution properties 

6.4. 1 .  Water flux rates using NaCI 

The viscosity and diffusion coefficients of the OA solution were cons idered to have 
important influences on the water flux rate. The OA solution viscosity and diffusion 
coefficients could be altered by varying the solute in solutions at iso-osmotic 
concentrations, or by varying the temperature. 

The water flux rates were determined using NaCI as the OA solution. NaCI gave 
solutions with different viscosities and diffusion coefficients to fructose [Table 4 .6] .  The 
molecular weight of NaCI is much less than that of fructose and in solutions NaCI is 
ionic. The results are presented in Figure 6.4. For comparative purposes the water flux 
rates using fructose are shown on the same graph . 

The two curves were s ignificantly different (p < 0.00 1 ) . Water flux rates obtained with 
NaCI as OA are on average two times greater than for fructose at the same osmotic 
pressure. The best fit curve used for statistical analysis of the fructose data was also 
found to fit the data for NaC I .  This indicates that the increase in flux rate with osmotic 
pressure for the two OAs fol lows a s imi lar trend and the factors influencing flux rate 
were l ikely to be the same for the two OAs . 

6.4.2. Water flux rate and OA solution viscosity 

To test the importance of viscosity, water flux rates were determined with OA solutions 
at approximately iso-osmotic concentrations but with different solution viscosities. The 
difference in solution viscosities were achieved by using different OA solutes or by 
varying the temperature. The results are presented in Figure 6 . 5 .  Viscosity data for the 
OA solutions are presented in Table 4 .7 .  For solutions of h igh viscosity, smal l changes 



1 62 

Figure 6.4. Water flux rates using NaCI or fructose solution in small laboratory 

DOC module 

Module set up: 
Juice circuit - water only, at 20.0 ± 0. 1 °C, flow rate 4 x 1 0 -5 m3 S -1 
OA circuit - NaCI or fructose solutions, at 20.0 ± 0. 1 °C 

- flow rate 7 x 1 0 -6 m3 S - 1  

Data points presented are means of experimental ly  determined data. The horizontal l ines 
represent two standard errors about each mean . The overall standard error of means 
(SEM) = 5 X 1 0 -5 for n = 3 .  
Number of repl icate trials :  

NaCl 

OA concentration Osmotic pressure No. OA concentration 
(g (g solutionrl) difference, �1ta trials (g (g solutionrl) 

(MPa) 

0.02 1 .5 2 0 . 1 0  

0. 1 0  9. 1 3 0 .35 

0 . 1 5  1 5 .5 3 0.49 

0.23 30.5 2 0.69 

a. Osmotic pressure difference, �1t = (1tOA - 1tJ) and 1tJ = O. 

Fructose 

Osmotic pressure No. 
difference, �1ta trials 

(MPa) 

1 .5 3 

8.0 3 

14 .2 1 1  

28.9 5 

Best fit response curves were fitted using non l inear least squares regression [see 3 . 3 . 1 ] . 
Where y = water flux rate, x = osmotic pressure difference and a, b and c are constants, 
the form of the curves was 

ax 
y 

( 1  + bx )C 
The value of the coefficients for each osmotic agent are: 

Q b c 
Fructose. 20°C 0.00 1 2  0.69 0.95 

NaCI, 20°C 0.00 1 6  0 .63 0 .77 

The F stAlislic calculated from the error mean square of a single curve fit to al l the data and 
the error mean square from the individual fits was 230.4, degrees of freedom 9, 4 .  
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Figure 6.5. Water flux rates for approximate iso-osmotic OA solutions with 

different solution viscosities 

Module set up: 
Juice circuit - water only, at 20.0 ± 0. 1 °C, flow rate 4 x 1 0 -5 m3 S - l  
OA circuit - sucrose, fructose and NaCI solutions, flow rate 7 x 1 0 -6 m3 S -l 

o - NaCI,  0 . 1 0  g (g solutionfl at 20.0 ± 0. 1 °C, osmotic pressure 7 .6 MPa 
o - fructose, 0 . 3 5  g (g solutionfl at 40.0 ± 0. 1 °C, osmotic pressure 7 .6 MPa 
t:. - fructose, 0 . 35  g (g solutionfl at 20.0 ± 0 . 1 °C, osmotic pressure 8 .0  MPa 
o - fructose, 0 . 3 5  g (g solutionfl at 1 0 .0  ± 0 . 1 °C, osmotic pressure 8 . 5  MPa 
v - sucrose, 0 .45 g (g solutionfl at 20.0 ± 0 . 1 °C, osmotic pressure 9 . 1 MPa 

Data points presented are means of experimental ly determined data. The horizontal l ines 
represent two standard errors about each mean. The overal l  standard error of means 
(SEM) = 2 X 1 0 -5 for n = 3 .  
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in viscosity had relatively l i ttle influence on the water flux rate. The water flux rate was 
inversely proportional to viscosity but was not a l i near relationship even when plotted 
on a loge : loge scale . 

For a large number of membrane systems (including MF, UF and RO) and feed streams, 
the flux rates are inversely proportional to the fluid viscosity (Porter, 1 990) .  

6.4.3. Water flux rate and solution diffusion coefficients 

Diffusion coefficients are also known to influence flux rates . Diffusion coefficients are 
influenced by viscosity, but to a lesser extent in solutions with viscosities greater than 
5 x 1 0  -3 kg m -1 s - 1 (Hiss and Cussler, 1 973 ) .  The relationship between water flux rates 
and diffusion coefficients is presented in Figure 6.6 .  Diffusion coefficient data for the 
OA solutions were presented in Table 4 .7. 

There was also a non-l inear relationship between flux rate and diffusion coefficients. The 
solutions with diffusion coefficients greater than 3 x 1 0  -10 m2 s -1 correspond to solutions 
with viscosities less than 5 x 1 0 -3 kg m -1 s -1 . A l inear correlation between flux rate and 
diffusion coefficients was found for solutions with diffusion coefficients greater than 
3 x 1 0 -10 m2 S -l 

The viscosity and diffusion coefficient of an OA solution defin itely influenced the water 
flux rate across the membrane. In solutions with high viscosities and low diffusion 
coefficients (e.g. fructose), the water which was transported across the membrane 
diffused away slowly into the bulk OA. In solutions with low viscosities and h igh 
diffusion coefficients (e.g. NaCl) water exiting the membrane into the OA encountered 
less resistance and diffused quickly away from the membrane surface to be replaced by 
OA solute molecules .  In a sugar solution the water molecules have to break a number 
of hydrogen bonds for diffusion (Gladden and Dole, \ 953 ) .  Therefore, solute molecules 
in OA solutions with relatively high viscosities and low diffusion coefficients can not 
diffuse at a sufficient rate to maintain the maximum solute concentration at the 
membrane surface and hence can not maintain the maximum osmotic pressure driving 
force possible .  

Changing the OA solution properties by changing the bulk free-stream OA 
concentration, solute or temperature affected the boundary layer thickness [Equation 
(2 .55) ]  and resistances to water transfer in the boundary layer. The concentration 
gradient across the boundary layer, and therefore, the diffusion rate across the boundary 
layer varied with different solution properties. Lower solution viscosities resulted in 
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Figure 6.6. Water flux rates for approximate iso-osmotic OA solutions with varying 

solution diffusion coefficients 

Module set up : 
Juice circuit - water only, at 20.0 ± 0. 1 °C, flow rate 4 x 1 0 -5 m3 S -I 

OA circuit - sucrose, fructose and NaCI solutions, flow rate 7 x 1 0 -6 m3 S - I 

o - NaCI,  0 . 1 0  g (g solutiontl at 20.0 ± 0. 1 °C, osmotic pressure 7 .6 MPa 
o - fructose, 0 . 35  g (g solutiontl at 40.0 ± 0. 1 °C, osmotic pressure 7 .6 MPa 
IJ. - fructose, 0 . 35  g (g solutiontl at 20.0 ± 0. 1 °C, osmotic pressure 8 .0 MPa 
o - fructose, 0 . 35  g (g solutiont l  at 1 0 .0 ± 0. 1 °C, osmotic pressure 8 . 5  MPa 
v - sucrose, 0 .45 g (g solutiontl at 20.0 ± 0. 1 °C, osmotic pressure 9 . 1 MPa 

Data points presented are means of experimental ly determined data. The horizontal l ines 
represent two standard errors about each mean. The overal l standard error of means 
(SEM) = 2 X 1 0 -5 for n = 3 .  
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thi nner boundary layers at constant velocity. Thinner boundary layers provided less 
resistance to water transfer and the water wi l l  reach the OA free-stream more quickly .  

6.5. Water flux rate and mem brane orientation 

The impact of fluid dynamics and boundary layer in the OA channel, OA solute, OA 
concentration and OA solution properties on water flux rates have been determ ined. The 
influence of the membrane and membrane properties on the water flux rate wi l l  now be 
considered . 

The membranes used for DOC were asymmetric membranes which consisted of an 
active membrane layer and a porous support membrane layer. When the membranes 
were set up for normal DOC operation, the active layer was placed adjacent to the juice 
circuit whi le the support layer of the membrane faced the OA circuit. It was possible to 
set up the module with the membranes reversed. In  that instance, the active layer of the 
membranes were placed adjacent to the OA circuit, whi le the support layers faced the 
juice circuit. Resistances to the transfer of water were present in both the active and 
support membrane layers. 

The water flux rates obtained for both membrane orientations are presented in F igure 
6 .7 .  Al l  curves are s ignificantly different (p < 0.00 1 ) . When the membranes were 
orientated with the active layer facing the OA circuit, the water flux rates were on 
average 2 .7  and 1 . 7 times greater for fructose and NaCI,  respectively, than when the 
membranes were set up for normal operation . For each OA the flow conditions in the 
OA channel were kept constant and the boundary layer in the OA channel was identical 
for both orientations . The results indicate that the porous support layer had a large 
impact on water flux rates. 

When the membranes were orientated with the active layer facing the OA circuit the 
support layer in the juice circuit provided no resistance to the movement of water 
towards the membranes . When the membranes were orientated for normal operation the 
support layer facing the OA channel contributed a large resistance to the water transfer 
and reduced the water flux rate by approximately 63% using fructose as OA and by 
approximately 40% using NaCI as �A. 

It was bel ieved that the resistance to transfer of water through the support layer was due 
to three factors. Firstly, the porosity of the membrane determined some of the resistance. 
The support layer was estimated to be about 50% porous, i .e .  50% of the membrane 
material contains open pores whi le  the rest was non-porous membrane material (Herron, 
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Figure 6.7. Water flux rates for different membrane orientations 

Module set up : 
Juice circuit - water only, at 20.0 ± 0. 1 °C, flow rate 4 x 1 0 -5 m3 S -l 
OA circuit - fructose and NaCI solutions, at 20.0 ± 0 . 1 °C, flow rate 7 x 1 0 -6 m3 S -l 
o - active layer of membrane facing the juice circuit, OA = fructose (Fructose 1 )  
D - active layer of membrane facing the juice circuit, OA = NaCI (NaCI 1 )  
t. - active layer of membrane facing the OA circuit, OA = fructose (Fructose 2) 
o - active layer of membrane facing the OA circuit, OA = NaCI (NaCI 2) 
Data points presented are means of experimental ly determined data. The horizontal l ines 
represent two standard errors about each mean. The overal l standard error of means 
(SFM) = 5 X 1 0-5 for n = 3 .  
Number of repl icate trials : 

Membrane Fructose NaCI 
orientation, 
active layer OA tm· No. OA �1t. No. 

facing: concentration (MPa) trials concentration (MPa) trial 
(g (g solutionr' (g (g solution)- '  s 

juice circuit 0 . 1 0  1 .5 3 0.02 1 .5 2 

0 .35 8 .0 3 0. 1 0  9 . 1 3 

0.49 14 .2  1 1  0. 1 5  1 5 .5 3 

0.69 28.9 5 0.23 30.5 2 

OA circuit 0 . 1 0  1 . 5 2 0.02 1 .5 2 

0.34 7 .6 3 0 . 1 0  9. 1 2 

0.48 1 3 .6 4 0. 1 5  1 5. 5  2 

0.67 27.0 2 0.22 28. 1 2 

a. Osmotic pressure difference, �1t = (1tOA - 1tJ) and 1tJ = O. 

Best fit response curves were fitted using non l inear least squares regression [see 3 . 3 . 1 .  

and Figure 6.2] . The value of the coefficients for each osmotic agent are : 

a b c 
Fructose: active facing juice 0.00 1 2  0.69 0.95 

Fructose : active facing OA 0.0027 0.99 0.74 

NaCI :  active facing juice 0.00 1 6  0.63 0.77 

NaCI :  active facing OA 0.00 1 9  0.29 0.85 

The F statistic calculated from the error mean square of a single curve fit to al l  the data and 
the error mean square from the individual fits was 230.4, degrees of freedom 9, 4. 
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1 995) .  Water entering the support layer from the active layer would travel through the 
open pores as they provided the least resistance to flow compared to the membrane 
material . Therefore, the less porous the support layer was, the greater the resistance to 
water transfer. Secondly, the presence of the nylon mesh provided some resistance to 
water transfer by providing a physical discontinuity in the support material . A small 
pressure drop occurred across the support layer due to the resistances to flow in this 
layer. The third factor contributing to the resistance in the support layer was within the 
pores themselves. During normal operation the pores faced the OA solution and were 
thus fi l led with the OA solution. This essential ly formed a stationary concentration 
boundary layer through which the water had to diffuse. The presence of the OA solution 
in the pores reduced the diffusion rate of the water out to the OA flow channel .  When 
NaCI was used as the OA, the OA solution viscosities were lower and diffusion 
coefficients were h igher, therefore, the diffusion rate across the support layer was greater 
than for fructose as OA. 

With the membrane orientated with the active layer facing the OA channel , the water 
exiting the active layer had to diffuse across the boundary layer to reach the OA free
stream . The water flux rate across the boundary layer would be h igher with NaCI OA 
solutions .  The solution viscosities in NaCI solutions were considerably lower than in an 
iso-osmotic fructose solution, therefore, for the same flow channel velocity, the velocity 
boundary layers would be thinner with NaCI solutions as OA. 

6.6. Solu te transfer d u ri ng DOC 

As water was always used in  the juice circuit, and water mass flow was always from the 
juice to the OA side, any solute moving against the water flow could readi ly be detected 
as a contaminant in the juice circuit. Prior to each run, after the equi l ibration period, 
there was no solute detected in the juice circuit. The water in the juice circuit was 
analysed after 45 minutes operation and the results are presented in Table 6 . 3 .  Under 
normal operation, the DOC membrane's rejection was on average 99.0% for NaCI and 
99.9% for fructose. The mass of NaCI transferred across the membrane was four times 
greater than for fructose at the same osmotic pressure driving force and temperature . No 
sucrose was detected in the juice circuit when it was used as the �A. 

The relationship between solute flux and solute molecular weight is shown in Figure 6 . 8 .  
The DOC membranes reportedly had a molecular weight cut-off of 1 00 g mol -I (Beaudry 
and Lampi,  1 990(a)). As the molecular weight's of sucrose (342.3 g mol - I)  and fructose 
( 1 80 . 1 6  g mol - I )  are both greater than 1 00 g mol -I it was expected both would be 
rejected by the DOC membranes . One possible reason for the fructose transfer may be 



Table 6.3. Solute movement across the DOC membrane 

Module  set up : 
Juice circuit - water only, flow rate 4 x 1 0 -5 m3 s - '  
OA circuit - fructose and NaCI solutions, flow rate 7 x 1 0 -6 m3 s -' 
Mean operating temperatures (± SFM for n = 3) were: 1 0 .0 ± O. l °C; 20.0 ± O. I °C ;  
40.0 ± O . I °C 
Small DOC module membrane area = 0.064 ± 0.024 m2 
Pilot p lant DOC module membrane area = 0.33 ± 0. 1 7  m2 

Mean values for solute movement across the membrane into the juice circuit after 45 minutes. 
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The standard error of means (SEM) were calculated from a pooled standard deviation from al l  individual results. The SFM was calculated for 
various values of n, where n was the number of repl icate trials from which results were obtained. 

% R = % Rejection 

YJ % Rejection = ( 1  - _ ) x 1 00 YOA 
YJ - concentration of solute in  juice circuit after 45 m inutes, (g (g solutionf' 

YOA - concentration of solute in  OA circuit, (g (g solutionf' 
(Sudak, 1 990; F ield, 1 993) 



Osmotic 
agent 

Fructose 

NaC I 

Concentration 
(g (g solution) -I ) 

0. 1 0  @ 1 0°C 

0. 1 0  @ 20°C 

0. 1 0  @ 40°C 

0.35 @ 1 0°C 

0.35 @ 20°C 

0.35 @ 40°C 

0.50 @ 1 0°C 

0.50 @ 20°C 

0.50 @ 40°C 

0.70 @ 1 0°C 

0.70 @ 20°C 

0.70 @ 40°C 

0.02 @ 20°C 

0. 1 0  @ 20°C 

0. 1 5  @ 20°C 

0.23 @ 20°C 

Active layer facing juice 
circuit : Small module 

Solute in JC SEM 
(x 10 -3 kg) (x 1 0 -3) 

0 0.02 

0 0.02 

0. 1 0  0.02 

0.02 0.02 

0.05 0.02 

0 . 1 8  0.02 

0.05 0.02 

0.08 0.0 1 

0. 1 9  0.02 

0.08 0.02 

0. 1 0  0.0 1 

0.2 1 0.02 

0. 1 1 9 0.002 

0 .286 0.002 

0.222 0.002 

0.403 0.002 

n %R 

2 1 00.0 

3 100.0 

2 99.68 

2 99.98 

3 99.95 

2 99.84 

2 99.97 

9 99.95 

2 99.88 

3 99.97 

5 99.95 

2 99.90 

2 98. 1 5  

3 99. 1 1  

3 99.52 

2 99.44 

Active layer facing OA Active layer facing juice circuit : 
circuit : Small module Pilot plant module 

Solute in JC SEM n %R Solute in JC SEM n %R 
(x 10 -3 kg) (x 1 0 -3) (x 1 0 -3 kg) (x 10 -3) 

0.06 0.02 2 99.8 1 0.25 0.02 3 99.74 

0. 1 8  0.02 3 99.83 0.4 1 0.02 2 99.88 

0. 1 4  om 4 99.9 1  0.50 0.02 2 99.89 

0.24 0.02 2 99.89 0.68 0.02 3 99.89 

0. 1 85 0.002 2 97.04 

0.500 0.002 2 98.43 

0.552 0.002 2 98.80 

0.84 1 0.002 2 98. 8 1  
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Figure 6.8. Solute flux rates of different molecular weight solutes in the small 

laboratory DOC module 

Module set up: 
Membrane - active layer facing the juice circuit 
Juice circuit - water only, 20.0 ± 0. 1 DC, flow rate 4 x 1 0 -5 m3 S - l  
OA circuit - sucrose, fructose and NaCI solutions, at 20.0 ± 0 . 1 DC, flow rate 

7 x 1 0 -6 m3 S - l  

Data points presented are means of experimentally determined data. The horizontal l ines 
represent two standard errors about each mean . 

o - OA = NaCl,0.02 g (g solutionr1 , number of repl icates (n) = 2 
o - OA = NaCI, 0 . 1 0  g (g solutionr1 , n = 3 

- OA = NaCI,  0 . 1 46 g (g solutionr1, n = 3 
o - OA = NaCI, 0 .22 g (g solutionr1, n = 2 
• - OA = Fructose, 0 . 1 0  g (g solutionr1 , n = 3 
• - OA = Fructose, 0 . 3 5  g (g solutionrt.  n = 3 

- OA = Fructose, 0 .49 g (g solutionr1 , n = 9 
• - OA = Fructose, 0 .69 g (g solutionr1 , n = 5 

- OA = Sucrose, 0 .45 g (g solutionrt. n = 3 
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that fructose has an affinity for the membrane polymer and may be partial ly soluble in 
the membrane. Cel lulose acetate membranes provide good conditions for hydrogen 
bonding (Reid and Breton, 1 959). Another possibi l ity for its transfer may be that the true 
molecular weight rejection of the DOC membranes used was greater than 1 00 g mol -I . 

The amount of solute transferred across the membrane after 45 minutes was plotted 
against OA concentration and results are presented in Figure 6.9.  Given these solute flux 
rates for I m2 of membrane, 2 g of fructose or 8 g of NaCI would transfer across the 
membrane per hour at 20°C for the highest solute concentrations tested . The solute flux 
was directly proportional to the chemical potential gradient across the membrane which 
was the concentration gradient (Merton, 1 966; Lonsdale, 1 972). 

When the membranes were reversed so the active layer was facing the OA circuit, solute 
molecules could diffuse without restraint to the active layer replacing water molecules 
coming across the membrane. With greater solute concentrations maintained at the 
interface between the active layer and the OA stream, the amount of solute transfer 
occurring was expected to increase. This was the case, as was shown in shown in F igure 
6 .9 .  The solute flux rate was approximately twice that observed for the normal 
membrane orientation. This increased solute flux rate corresponds to the water flux rates 
which were approximately two times greater with the active layer facing the OA circuit. 

There was a definite l inear relationship between temperature and solute flux at different 
OA concentrations as shown by the l inear regression l ines in Figure 6 . 1 0 . With an 
increase in temperature there was the corresponding decrease in  viscosi ty and increase 
in diffusion coefficients in the the OA solution. Higher diffusion coefficients resulted 
in the rapid diffusion of solute molecules to the membrane, therefore, maintain ing the 
concentration gradient across the membrane and increasing the l ike l ihood of solute 
transfer. Solute flux rate was found to be significantly different (p < 0 .02) at the 
different OA concentrations shown in Figure 6 . 1 0  after comparison of the l inear 
regression l ines. 

It has already been noted that water flux rate increased with an increase in OA 
concentration, increase in temperature, decrease in viscosity and with the reversal of the 
membrane orientation . I t  was found that solute flux rate increased for the same 
conditions as those responsible for increasing the water flux rate as shown in Figure 
6 . 1 1 .  The solution-diffusion model for mass transfer across semi-permeable 
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Figure 6.9. Solute flux rates as influenced by OA solute concentration 

Module set up: 
Juice circuit - water only, at 20.0 ± 0. 1 DC, flow rate 4 x 1 0 -5 m3 S -1 
OA circuit - fructose and NaCI solutions, at 20.0 ± 0 . 1 DC, flow rate 

7 x 1 0 -6 m3 S - 1 

(a) 

(b) 

o - fructose, active membrane layer facing the juice circuit 
- fructose, active membrane layer facing the OA circuit 

o - NaCI,  active membrane layer facing the juice circuit 
t:. - NaCI,  active membrane layer facing the OA circuit 

Data points presented are means of experimental ly determined data. The horizontal l ines 
represent two standard errors about each mean . 
Number of repl icate tria ls :  

Fructose (g  g(solution) -I ) NaCI (g g(solutionrl) 

Membrane 0. 1 0  0 .35 0.49 0.69 0.02 0 . 1 0  0. 1 5  0.23 

active facing juice 3 3 9 5 2 3 2 3 

active facing OA 2 3 3 2 2 2 2 2 

Fructose determined by HPLC. 
NaCl determined by increase in  specific conductance. 
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Figure 6. 1 0. Fructose solute flux rates as influenced by temperature 

Module set up: 
Membrane - active layer facing the juice circuit 
Juice circuit - water only, flow rate 4 x 1 0 -5 m3 S - I 
OA circuit - fructose solutions, flow rate 7 x 1 0 -6 m3 S - I 

Mean operating temperatures (± SFM for n = 3 )  were: 
1 0 .0  ± 0 . 1 °C (loge = 5 . 64), 20.0 ± 0 . 1 °C (loge = 5 .68), 40.0 ± 0 . 1 °C (loge = 5 .75 )  

o - 0 . 35  g (g solutionfl 
t. - 0 .49 g (g solutionfl 
o - 0.69 g (g solutionfl 

Data points presented are means of experimental ly determined data. The horizontal l ines 
represent two standard errors about each mean. 
Number of repl icate trials :  

Fructose concentration Operating temperature 
(g (g solutionr')  

l Ooe 200e 400e 

0 .35 2 3 2 

0.49 2 9 2 

0 .69 3 5 2 

Linear regression was carried out using all individual data values . The equation of the 
l ines were of the form 

loge (solute fluX rate ) = a loge ( temperature ) - c 

The value of the coefficients for each OA concentration are : 

a c 
Fructose. 0 . 3 5  g ( g  solutionf' 1 9 .9  1 23 . 3  

Fructose. 0 .49 g (g solutionr' 1 4 . 1  89.8 

Fructose, 0.69 g (g solutionr' 1 1 . 1  72. 1 

The FSllllistic calculated from the residual sum of squares of a single l ine fit to al l the data 
and the residual sum of squares from the individual fitted l ines was 4 .0, degrees of 
freedom 4 and 24 . 
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Figure 6. 1 1 .  Solute and water flux rates in the small laboratory DOC module 

Module set up : 
Membrane - active layer facing the juice circuit 
Juice circuit - water only, at 20.0 ± 0. 1 DC, flow rate 4 x 1 0 -5 m3 S - I 

OA circuit - fructose and NaCI solutions, flow rate 7 x 1 0 -6 m3 S - I  

Individual results from each trial presented. 
(a) 0 - fructose 0 .69 g (g solutionfl ,  at 1 0 .0  ± 0 . 1 °C 

(b) 

/:;. - fructose 0 .69 g (g solutiontl ,  at 20.0 ± 0 . 1 °C 
v - fructose 0 .69 g (g soiutiont\ at 40.0 ± 0. 1 °C 
o - fructose 0.49 g (g solutionfl ,  at 1 0 .0 ± 0. 1 °C 
o - fructose 0.49 g (g solutiontl , at 20.0 ± 0 . 1 °C 
• - fructose 0 .49 g (g solutionfl, at 40.0 ± 0 . 1 °C 
& - fructose 0 . 35  g (g solutiontl ,  at 1 0 .0 ± 0. 1 °C 
" - fructose 0 . 35  g (g solutionfl ,  at 20.0 ± 0 . 1 °C 
• - fructose 0 . 35  g (g solutiontl,  at 40.0 ± 0 . 1 °C 

- fructose 0 . 1 0  g (g solutiont\ at 1 0 .0, 20.0 and 40.0 ± 0 . 1 °C 
o - NaCl 0 .02 g (g solutiontl ,  at 20.0 ± 0 . 1 °C 
/:;. - NaCl 0 . 1 0  g (g soiutionfl ,  at 20.0 ± 0. 1 °C 
v - NaCl 0 . 1 5  g (g soiutiontl, at 20.0 ± 0. 1 °C 
o - NaCI 0 .22 g (g solutionfl ,  at 20.0 ± 0 . 1 °C 
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membranes in RO processes assumes no coupl ing between solute and solvent flows 
(Rautenbach and Albrecht, 1 989; Cheryan and Nichols, 1 992). The driving force for 
solute and water transfer is a concentration and a pressure gradient, respectively .  
Whereas, in DOC the solute and water fluxes appeared to be coupled as the driving 
force for transfer of both solutes and water was the concentration gradient or osmotic 
pressure gradient across the membrane (Rautenbach and Albrecht, 1 989). 

Raspberry juice was concentrated with DOC, using h igh fructose com syrup as the OA. 
Stable carbon isotope analysis of the raspberry juice concentrate showed no transfer of 
OA sugars through the membrane (Wrolstad et a1 . ,  1 993) .  The membranes used by 
Wrolstad et a1 . ( 1 993) were a different type of DOC membrane to the Type B 
membranes used during this research . 

6.7. Mem brane constant ' C  for solvent transfer across active 

mem brane layer 

Based on the solution-diffusion model for mass transfer across the active layer of the 
membrane, the membrane constant C, is  the water flux characteristic membrane constant 
which must be determined from experimental data (Rautenbach and Albrecht, 1 989). The 
constant gives a measure of the resistance of the membrane active layer to transfer of 
the solvent, in this case water. I t  is  specific to the membrane and the solutions used to 
determined its value. The membrane constant wi l l  differ for different membrane 
materials, methods of construction and membrane thicknesses . The value of the 
membrane constant is dependent on temperature and operating hydraul ic pressure 
(Rautenbach and Albrecht, 1 989). As the hydraul ic  pressure over the membranes was 
relatively smal l and constant, hydraul ic pressure was not considered to affect the value 
of the membrane constant for DOC . 

To determine the membrane constant for the DOC active membrane layer for fructose 
as the OA, the slope of the l ine for ideal water flux rates vs. increasing osmotic pressure 
was estimated. I deal water flux rates are obtained from a DOC system with active 
membrane layer only and no boundary layers in either flow channe l .  

For the membrane orientated with the active layer facing the OA (reverse orientation), 
the gradient of a l ine from zero to the water flux rate measured at 0 . 1 g (g solutionfl 
fructose OA ( 1 . 5 MPa) was used as an estimate of the gradient of an ideal water flux 
rate l ine .  For 0 . 1 g (g solutionfl fructose solution, the diffusion coefficient was 
calculated to be 5 . 1  x 1 0 -10 m2 S -I at 20°C [Figure 4 . 1 1 ] .  The diffusion coefficient for 
infinite di lution (DOAB) for fructose solutions was 6 .0 x 1 0 -10 m2 S -I at 20°C [Table 4 . 5 ] .  
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A solution at infinite di lution is virtually water, therefore, the boundary layers would not 
be significant and there would be no resistance to water transfer into the OA free-stream . 
Because these two diffusion coefficients were very s imi lar it was concluded that the 
diffusion rate in a 0 . 1 g (g solutionfl fructose solution would also be very s imi lar to the 
diffusion rate in a fructose solution at infinite di lution. Therefore, for membranes in the 
reverse orientation and using 0. 1 g (g solution) -I fructose as OA, the water flux rate was 
considered to be the same for an ideal system . 

For NaCI as the OA, the gradient of the ideal water flux rate l ine was determined from 
a l ine between zero and the water flux rate measured at 0 .02 g (g solutionfl NaCI 
solution when membranes were in the reverse orientation. For the membrane constant 
at 1 0  and 40°C the gradients of the l ines for the ideal water flux rate were estimated by 
assuming the gradients varied with temperature at the same rate as observed for normal 
membrane orientation. No data was obtained at different temperatures for reversed 
membrane orientation .  

The membrane constants for the active membrane layer determined for fructose and 
NaCI as OAs, water in the juice circuit and Osmotek Type B DOC membranes are 
presented in Table 6 .4 .  The hydraul ic pressure difference across the membrane was less 
than 20 kPa. 

Table 6.4. Membrane constants for the active layer of DOC membranes 

OA solution Temperature Membrane constant", C, 
(0C) (kg m -2 s- J  Pa-J) 

Fructose 1 0  1 . 3 x 1 0 -9 

Fructose 20 1 .4 x 1 0 -9 

Fructose 40 1 .6 x 1 0 -9 

NaCI 20 1 .5 x 1 0 -9 

a. Based on flux rates obtained with membranes in reverse orientation and Osmotek Type B DOC 

membranes. 

A number of values for C have been reported for RO systems with a number of different 
membranes and solutions (Sourirajan, 1 970; Rautenbach and Albrecht, 1 989). The values 
in Table 6 .4 were of the same order of magnitude as those reported for cel lu lose acetate 
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based RO membranes . No membrane constants have been publ ished for DOC 
membranes . 

6.8. Resistances to water transfer in  the DOC mod u le 

It is clear from the results presented in this chapter that there are multiple resistances 
to water flow from the juice to the OA free-stream . A schematic view of these 
resistances is shown in Figure 6. 1 2 . If water only was kept in the juice circuit, as was 
done for these trials, it was reasonable to assume that there was no concentration 
boundary layer on the juice circuit side of the membrane. Operating temperatures were 
kept constant, therefore, there were no temperature boundary layers on either side of the 
membrane. 

When the membranes were orientated with the active layer facing the juice circuit, water 
from the juice circuit diffused through the active membrane layer (resi stance R1), where 
the resistance was determined by the membrane structure and was estimated by the 
membrane constant, C. The water then diffused through the OA solution trapped and 
stationary in the support layer pores (resistance R2) .  The support layer was essential ly 
a stationary concentration boundary layer. The water then diffused across the velocity 
and concentration boundary layers in the OA flow channel (resistance R3), before 
reaching the OA free-stream . The resistance in the support layer (R2) was determined by 
the nature of the support layer (porosity and tortuosity) and by the solution properties 
of the OA formi ng the stationary concentration boundary layer. The resistance in the 
velocity and concentration boundary layers (R3) was dependent on flow dynamics and 
OA solution properties. 

When the membranes were reversed so the active layer was facing the OA circuit there 
was no stationary trapped layer of OA within the porous support layer. Resistance due 
to any solute transfer across the membrane was considered to be negligible .  Thus water 
diffused through the support layer unhindered (resistance R2 = 0). The resistances to 
water transfer in this orientation were in the active layer (R1 )  and the OA channel 
velocity and concentration boundary layers (R3) . This was consistent with experimental 
data and the observations of Rautenbach and Albrecht ( 1 989). 
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Figure 6. 1 2. Mem brane orientation and resistances 

(a) Active layer facing towards the juice circuit 
(b) Active layer facing towards the OA circuit 

am - active membrane layer 
sm - support membrane layer 
bl - boundary layer in  OA channel 
RJ - resistance in active layer 
R2 - resistance in support layer 
R3 - resistance in boundary layer 

Not drawn to scale 
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The water flux rate in an ideal system was determ ined by the osmotic pressure 
difference across the membrane, 

m = C.11t 
w 

(6. 1 ) 

The water flux rate in the DOC system with normal membrane orientation was related 
to the osmotic pressure driving force and the resistances, RI > R2 and R3, by the fol lowing 
equation : 

m 
w 

(6.2) 

The resistance in the active layer (R1 ) was estimated by the membrane constant [see 6.7] ,  
hence, RI � I IC RI was constant for all OA solution concentrations, for each solute type 
and each temperature . .11t is the osmotic pressure difference between the two bulk free
streams .  The water flux rate obtained with membranes reversed was related to 
resistances RI and R3 by the fol lowing equation : 

.11t m 
w 

(6.3 )  

R3 was determined using this equation for different values o f  .11t. Therefore, Equation 
(6 .2) was solved for R2 using the water flux rate obtained with membranes orientated for 
normal operation .  Then the total resistance to transfer of water for this membrane 
orientation was calculated by summing the resistances (RI + R2 + R3). The percentage 
contribution of each resistance to the total resistance was calculated for different OA 
concentrations and are presented in Table 6 .5 for normal membrane orientation. 

For 0 . 1 g (g solutionfl fructose and 0 .02 g (g solutionfl NaCI as OA the velocity and 
concentration boundary layers (R3) contributed to only I and 4% of the total resistance 
to water flux, respectively. Therefore, the assumption made in Section 6 .7  to estimate 
the membrane constants, that the boundary layer resistance at these concentrations was 
smal l ,  was confirmed. 

The percentage resistance contributed by each layer to the total resistance was dependent 
on the OA concentration and the type of OA. The absolute resistance in the active layer 
was constant for al l  concentrations but its contribution to the total resistance decreased 
with increasing OA concentration. With increased OA concentrations the water 
molecules must overcome the added resistance to flow contributed by the changing 
solution properties, increased solution viscosity and lower diffusion coefficients . The rate 
of diffusion across the support layer and boundary layers (R2 and R3) controls the water 
flux rate into the OA free-stream . 
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Table 6.5. Contributions of individual resistances 

OA solution OA concentration %R , a  %RZb %R; 
(g (g solutionf')  

Fructose 0. 1 0  44 55 I 

0 .35 1 5  62 23 

0.50 9 64 27 

0.70 5 69 26 

NaCI 0.02 64 32 4 

0 . 1 0  25 4 1  34 

0. 1 5  1 7  44 39 

0.23 I I  43 46 

a. Resistance in the active membrane layer (determined for normal membrane orientation from 

experimental data). 

b. Resistance in the porous support layer (determined for normal membrane orientation from 

experimental data). 

c .  Resistance in the velocity boundary layer (determined for normal membrane orientation from 

experimental data). 

When fructose was used as the OA, the support layer contributed the greatest resistance 
to transfer of water at al l  concentrations. At concentrations of 0 . 35  g (g solutionfl 
fructose and above, the support layer contributed 65% of al l the resistances and the 
velocity and concentration boundary layers in the OA channel contributed approximately 
25% of the total resistance to water transfer. When NaCI was used as the OA, at 
concentrations of 0 . 1 g (g solutionfl  NaCI and above, the amount of resistance 
encountered in the support layer (approximately 43%), and velocity and concentration 
boundary layers (approximately 40%) were s imi lar. 

6.9. Actual water flux rate across mem brane 

Although the DOC membranes were heterogenous the osmotic transfer o f  water occurred 
only across the active layer of the membrane. This layer was essential ly homogeneous 
and non-porous. The water flux rate across the active layer was proportional to the 
osmotic pressure difference across this layer. The true osmotic pressure difference was 
not the difference between the bulk concentrations in  the juice (water) and OA circuits .  
The concentration at the surface of  the active layer facing the juice circuit was assumed 
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to be equal to water. On the other side of the active layer the concentration was much 
less than that of the bulk OA free-stream concentration. 

With the membranes orientated for normal operation, the mechanism driving the transfer 
of water across the support layer was different to that across the active layer, being a 
combination of a concentration gradient and a smal l pressure drop across it .  Diffusion, 
governed by F ick's law, took place in the OA solution trapped in the support layer pores 
and voids (Bird et a! . ,  1 960). A small pressure drop across the support layer developed 
because the water molecules travel led from a very dense membrane layer, of relatively 
high resistance, into the open OA flow channel, of relatively low resistance. The mass 
transfer across the porous support layer due to the pressure gradient can be described by 
Darcy's law for flow through porous media (B ird et a! . ,  1 960; Vennard and Street, 1 982) . 

Within the velocity and concentration boundary layers the transport is in the direction 
normal to the membrane due primari ly to diffusion, convection and transference (Jonsson 
and Boesen, 1 984). 

In  order to model the DOC system and to determine the rate of water transfer from the 
juice circuit into the OA free stream, the concentration gradients across the three layers 
need to be determined. The only concentrations which were measured directly were that 
in the juice circuit and that in  the OA bulk free-stream . Th ; thickness of the different 
membrane layers was measured, the membrane constant was determined from 
experimental data, the porosity of the support layer was estimated (Herron, 1 995) and 
the channel dimensions were measured. The unknowns to be determined were the 
boundary layer thickness, the concentration at the interface between different layers and 
the concentration gradients across the different layers. 



CHAPTER 7 
WATER FLUX RATES IN THE PILOT PLANT 

DOC MODULE 

A pi lot plant DOC module suppl ied by Osmotek Inc . ,  Oregon, was tested i n  the USA 
and water flux rates were compared to those obtained in the smal l laboratory DOC 
module. 

7. 1 .  Scal ing u p  water flux rates to the pilot plant DOC module 

The pi lot plant DOC module had approximately five times the membrane area of the 
small laboratory DOC module. Flow velocities in the juice and OA circuits were 
adjusted to be the same as the smal l laboratory DOC unit. 

The water flux rates determined at 20°C for both DOC modules are presented in Figure 
7 . 1 .  There was no significant difference in flux rates between the two modules .  
Therefore, results obtained on  the small module were good estimates of  flux rates in a 
pi lot plant DOC module of the same design. 

The channel geometry in the two modules was the same. The main differences between 
the two modules was : ( 1 )  the p i lot p lant module had an increased membrane area and; 
(2) the static head in the pi lot plant module was greater and the inlet hydraul ic pressures 
were s l ightly h igher. It appears these differences did not have a significant effect on the 
water flux rates. 
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Figure 7. 1 .  Water flux rates in the small laboratory and pilot plant DOC modules 

Module set up: 
Juice circuit - water, at 20 .0 ± 0 . 1 DC, flow rate 4 x 1 0 -5 m3 S - I  
OA circuit - fructose solutions, 20.0 ± 0. 1 DC, flow rate 7 x 1 0 -6 m3 S -I 

o - Data points represent mean water flux rates determined on smal l laboratory 
DOC module. The horizontal l ines represent two standard errors about each 
mean . The standard error of the means (SEM) = 4.6 x 1 0 -5 for n = 3 .  

A - Data points represent mean water flux rates determ ined on pi lot plant DOC 
module. The horizontal l ines represent two standard errors about each mean. The 
standard error of the means (SEM) = 4 .6 X 1 0 -5 for n = 3 .  

Number of repl icate trials :  

Approximate OA �1t' (MPa) 
concentration (g (g solution) -I) 

0. 1 0  1 . 5 

0 .35 8.0 

0.50 1 5 .0 

0.70 30.0 

a.  Osmotic pressure difference, �1t = (1tOA - 1t) and 1tJ = O.  

Module size 

Small Pilot plant 

3 3 

3 2 

1 1  2 

5 3 

A best fit response curve was fitted using non l inear least squares regression [see 3 .3 . 1  

and Figure 6 .2 ] .  The value of the coefficients for the s ingle curve are: 

a b c 
Fructose, single curve for both modules 0.00 1 2  0.74 0 .93 

The Fstatistic calculated from the error mean square of a single curve fit to al l the data and 
the error mean square from the individual fits was 6.9, degrees of freedom 3, 2 ; thi s  is 
not s ignificant at p = 0.05 . 
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CHAPT E R  8 
MATHE MATICAL MODE L FOR DOC 

The DOC process was mathematical ly model led to describe and understand the overal l 
transport processes involved, and the relationships between water flux, boundary 
concentrations and resistances . The mass transfer characteristics of the DOC system in 
relation to the solution properties and the fluid mechanics in the system were also 
defined. This DOC system has not been thoroughly model led and tested with extensive 
experimental data. 

The mathematical model for the DOC process was developed over a number of stages. 
At the end of each stage the val idity of earl ier assumptions was evaluated. A summary 
of the stages in the development of the model is presented. A detai led description of the 
final model found to describe the DOC process is presented, including its derivation and 
testing. 

8. 1 .  Development of the unsteady state DOC model 

The DOC process was first model led as an unsteady state process over the entire DOC 
system, including module, juice feed and OA vessels, juice and OA circuits and pumps. 
This model took into account changes in concentration on both juice and OA circuits 
over time. Concentration changes due to convection, at different posi tions up the DOC 
module and around the unit, were determined. The contribution to concentration changes 
due to diffusion were neglected as being smal l .  It was assumed in this initial model that 
the concentration of the solution in the juice circuit would increase in concentration after 
one pass through the module. 

The water flux rate across the membrane was initial ly assumed to increase l inearly with 
the osmotic pressure difference between the two bulk solutions in the juice and OA 
circuits . The asymmetric structure of the membrane and the boundary layers in the OA 
flow channel were neither considered nor included in this model .  This model assumed 
an homogenous membrane with perfect mixing of solutions on each side. The equations 
for the unsteady state model are presented in Appendix A2 . The water mass flux rate 
was not l inearly related to the osmotic pressure driving force between the two bulk 
solutions . The assumption that perfect mixing was occurring on both s ides of the 
membranes was therefore found to be inval id. 
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8.2. Development of the steady state DOC model 

8.2. 1 .  Water flux rate across the active layer 
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A schematic diagram of the DOC membrane in the three possible membrane 
orientations, with concentration gradients and boundaries marked is presented in Figure 
8 . 1 .  

The theoretical model used to describe the water flux rate across the membrane during 
DOC was based on the solution-diffusion model for mass transfer across an 
homogeneous membrane (Lee et aI . ,  1 98 1 ;  Rautenbach and Albrecht, 1 989) . 

Water flux rate across the active layer is defined by 

mw - water mass flux rate, kg m -2 S -I 

(8 . 1 )  

n(Y1 ) - osmotic pressure of solution Yi > at the surface of the active layer, on the 
opposite s ide to the juice circuit, Pa 

nCO) - osmotic pressure of water in the juice circuit = 0, Pa 
C - membrane constant, kg m -2 s -I Pa-I 

To estimate the actual water flux rate across the active layer the concentration Y1 was 
determined mathematical ly .  

8.2.2. Water flux rate across the suppo rt layer 

When the membranes were configured for normal operation with the active layer facing 
the juice circuit, water exiting the active layer had to travel across the support layer to 
reach the OA flow channel and OA free-stream. The equations describing mass flux 
rates and concentration gradients across the support layer were derived. These equations 
are app l icable to the support layer in Cases 1 and 2 shown in Figure 8 . 1 .  The water flux 
rate across the support layer was determined from the concentration and pressure 
gradients across it .  It can be shown mathematical ly that the hydraul ic pressure gradient 
can be el iminated, thereby, leaving only the concentration gradient across the support 
layer to be determined for the water flux rate . 

The water flux rate exiting the active layer can be described by Equation (8 . 1 ) . The 
water flux rate through the support layer is 
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Figure 8. 1 .  DOC membrane and OA channel boundary layer 

(a) - Active layer facing the juice ci rcuit, support layer facing the OA circuit and 
boundary layer present in OA flow channel (Case 1 ) . 

(b) - Active layer facing the juice circuit, support layer facing the OA circuit but 
with no boundary layer in the OA flow channel (Case 2) 

(c) - Active layer facing the OA circuit, support layer facing the juice circuit and 
boundary layer present in OA flow channel, (Case 3 ) .  

am - active membrane layer 
sm - support membrane layer 
bl - boundary layer in OA channel 
Y1 - concentration at surface of active layer (OA side) which determines the osmotic 

pressure driving force across the layer, g (g solutionfl 
Yo - concentration at interface between support layer and velocity boundary layer, 

g (g solutionfl 
Yc - concentration of OA in OA channel free-stream, g (g solutionfl 

da - thickness of active membrane layer 

ds - thickness of support membrane layer 
6 - thickness of velocity boundary layer 
x - direction paral lel along membrane 
y - direction perpendicular to membrane 
u - velocity in x direction, m S- I 
v - velocity in y direction, m S - I 
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m w - p( Y) e D w
j Y) d ( 1  - Y) - ( 1  - Y) p( Y) � dp 

T dy /l(Y) dy 
diffusion flux 

e - porosity of membrane support layer 
T - tortuosity of membrane support layer 
kp - permeabi l ity of porous media, m2 
p - hydraul ic pressure, Pa 

Darcy 's law 
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(8 .2) 

Dwj Y) - binary diffusion coefficient of water In an aqueous fructose solution at 
concentration Y, m2 s -\ 

The measured solute flux rate through the membrane was relatively small compared to 
the water flux rate. Thus for the purposes of model l ing the DOC system, to determine 
the water flux rate, the solute flux rate was assumed to be negl igible. Therefore, the 
solute flux rate, in this case the fructose flux rate, through the support layer i s :  

m = j _ p(Y) e Djw(Y) dY 
T dy 

kp dp p(Y) /l(Y) dy 
mj - fructose mass flux rate, kg m -2 s -\ 

- Yp(Y) � dp = 0 
/l(Y) dy 

_ p(Y) � e Djw(Y) dY 
Y T dy 

(8 . 3 )  

(8 .4) 

Djw( Y) - binary diffusion coefficient of fructose In  an aqueous fructose solution at 
concentration Y, m2 s -\ 

Substituting Equation (8 .4) into Equation (8 .2) gives 

as Dwj Y) 

If 

m w (Y) e Dw
jY) dY 1 - Y (Y) e Djw(Y) dY p - + P -

T dy Y T dy 

m 
w 

- Y D Cy) ] dY 
Y jw dy 

D jw( Y), therefore, 

m w 

then 

(8 . 5 )  

(8 .6) 

(8 .7) 

(8 . 8) 



I dY  m = p( Y) D ( Y) - -
w e Y dy  

200 

(8 .9) I 
This equation describes the water flux rate in the support layer for the membranes 
orientated for normal operation . By integrating Equation (8 .9) the concentration gradient 
across the support layer can be determined. 

At steady state, within the support layer Djw(Y) ::::: Dfw(YI ) = constant 
p(Y) ::::: p(YI ) = constant 

Integrating across the support layer 

[p(Y, )D.(Y,) log. YIo 
I 

Yo log -• Y I 

and substituting in Equation (8 . 1 ) for mw gives 

m d  w s 

m w 

m d  w s 

(8 . 1 0) 

(8 . 1 1 ) 

(8 . 1 2) 

(8 . 1 3 ) 

(8 . 1 4) 

(8 . 1 5) 

This equation describes the concentration gradient across the support layer and was used 
to determ ine the concentration Y\ at the interface between the active layer and the 
support layer of the membrane when membranes were orientated for Cases 1 or 2. For 
Case 1 the concentration Yo at the interface between the support layer and the velocity 
boundary l ayer must be determined first. Thi s  equation was not used to solve for the 
concentration at the active layer surface when the membranes were reversed (Case 3 ) .  



20 1 

For this situation the concentration gradient across the velocity boundary layer was 
determ ined. 

8.2.3. Water flux rate across velocity boundary layer 

As water was used experimental ly in the juice circuit, there were no velocity boundary 
layers providing resistance to the water movement on the juice side of membrane. Thus 
a velocity boundary layer was considered only on the OA side of the membrane, either 
adjacent to the support layer, under normal operation (Case 1 ), or adjacent to the active 
layer, when the membranes were reversed (Case 3 ) . The water flux rate and 
concentration gradient across the velocity boundary layer was determined for two cases; 
firstly for a boundary layer which gradual ly grew along the length of the flow channel 
and secondly, for a ful ly-developed lam inar boundary layer in the OA flow channel . A 
diagram of the OA flow channel is presented in Figure 8 .2 .  

The l iterature states that the concentration boundary layer is usual ly less than the 
velocity boundary layer (Incropera and De Witt, 1 985) .  But, in this study it has been 
assumed that the two layers were equal and diffusion was occurring right across the 
boundary layer. Concentration boundary layers did not exist on the three sol id 
polycarbonate wal ls of the flow channel as the concentration across them was constant 
at Ye, the OA free-stream concentration.  

8.2.3. 1 .  Growing velocity boundary layer in OA flow channel 

In this case it was assumed that the two boundary layers along the membrane remain 
relatively thin .  Velocity boundary layers on the polycarbonate wal ls  of the flow channel 
were also thin and they did not interfere with one another. The velocity profile across 
the boundary layer was assumed to be uniform, except for at the surface where y = 0, 

for ° < y < 8(x) : 

u 

u - velocity in the x direction, m S -1 
U - bulk free-stream velocity in x direction, m S -1 
8 - velocity boundary layer thickness, m 
a - power term for velocity profile equation, a > 

(8 . 1 6) 
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Figure 8.2. OA flow channel 

Schematic diagram showing the direction of the x, y and z coordinates in the OA flow 
channel used for model l ing the DOC process. 

Qm - mass flow rate along OA flow channel, kg s - ) 
mw - mass flow rate of water across membrane per unit area, kg m -2 s - )  

Lm - length of each OA flow channel, 0. 1 545 ± 0.0005 m 
h - equivalent flow channel height; distance between membrane and OA wal l when 

membrane was ful ly deflected, 0.0 1 7  ± 0.00 1 m 
w - width between two membrane support bars, 0 .0 1 43 ± 0.000 1 m 
u, v, co - corresponding velocity components in x, y, z directions 
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For steady incompressible two-dimensional flow, the governing equations for mass and 
momentum in the boundary layer were obtained by solving the equations for 
conservation of mass and momentum. 

A differential equation for the boundary layer thickness was obtained by integration of 
the governing equations determined whi le  taking into account the introduction of water 
flux at the edge of the boundary layer, entering on the y-coordinate [A complete 
derivation of this equation is presented in Appendix A3 ] .  The differential equation 
derived for the boundary layer thickness is as fol lows : 

(8 . 1 7) 

where (8 . 1 8) 

Integration of Equation (8 . 1 7) along the length of the membrane provided the thickness 
of the boundary layer at each position. The boundary layer thickness at each position Xn 
was determined from the thickness at the previous position Xn _ 1 along the membrane. 
Two dimensional flow in  the x and y directions only was evaluated. 

The water flux perpendicular to the membrane is due to a bulk flow from the osmotic 
flux plus diffusion based on F ick's law. The equation for the water flux rate across the 
velocity boundary layer i s :  

mjx) (8 . 1 9) 

The concentration of the OA at the membrane surface was estimated using the fol lowing 
equation 

y -c 
(8 .20) 

Equations (8 . 1 7) to (8 .20) apply to Case 1 for normal membrane orientation, when the 
support layer is present facing the OA flow channel . These equations can be used to 



205 

solve for Case 3, when the variable Yo is replaced by Y\ the concentration at the 
interface between the active layer and velocity boundary layer. 

For normal operation, the OA concentration at the interface between the active and 
support layers was estimated knowing the concentration gradients across the support and 
velocity boundary layers, and the velocity boundary layer thickness. The water flux rate 
across the active membrane layer was then determined using Equation (8. 1 ) . The 
solution of this model produced water flux rates much smal ler than experimental results. 
The velocity boundary layer thickness was over-estimated and became larger than the 
actual channel dimensions. 

8.2.3.2. Fully-developed laminar flow in OA flow channel 

To overcome the problem with the over-estimation of the boundary layer thickness, the 
flow in the OA flow channels was then model led as ful ly-developed laminar flow. The 
flow in the OA flow channels under the conditions operated, for fructose and NaCI 
solutions, was determined to be laminar. Although ful ly-developed lam inar flow exists 
in the flow channels with fructose solutions greater than 0 .5  g (g solutionr1 only, the 
DOC process was model led assuming ful ly-developed laminar flow was occurring for 
the ful l  range of OA solutions and concentrations tested. 

In ful ly-developed laminar flow the velocity boundary layers would form on all four 
wal ls and meet in the middle of the flow channel . I n  this model the movement of the 
water and OA, in the OA flow channel, in the x, y and z directions were taken into 
account [Figure 8 .2 ] .  Looking at the flow within the OA flow channel, in  the x direction, 
the total OA solute flow was constant, but the water mass flow increased as the flow 
moved along the OA flow channel taking up water from the membrane. The velocity 
profi le  along the OA flow channel with ful ly-developed flow was assumed to be uniform 
along its length . 

For normal membrane orientation and Case I ,  the OA concentration (Yo) at the support 
layer and velocity boundary layer interface can be estimated from the concentration in 
the bulk solution (Ye) and the OA flow channel dimensions using an equation describ ing 
the concentration gradient across the velocity boundary layer. Using Yo, the OA 
concentration (Y\ )  at the active and support layer interface was estimated from the 
concentration gradient across the support layer . For reversed membrane orientation and 
Case 3, the OA concentration (Y\ )  at the active layer and velocity boundary layer 
interface can be estimated from the concentration in the bulk solution ( Yd and the OA 
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flow channel dimensions using the equation describing the concentration gradient across 
the velocity boundary layer. 

For ful ly-developed laminar flow the equation describ ing the concentration gradient 
across the velocity boundary layer wil l be derived for normal membrane orientation 
(Case I ) . 

For steady incompressible flow of a fluid with uniform density, p, parallel to the 
horizontal plane y = 0, 

y 

-u 
)-------- x 

z 

The equations for conservation of mass (for incompressible flow), 

v . 17 = ° (8 .2 1 )  

and the Navier-Stokes equation (for incompressible lam inar flow), 

(8 .22) 

and the fol lowing boundary conditions: at y = 0, U = 0; at y = h, U = 0; at z = 0, U = 

0; at z = w, U = 0, were used to derive the fol lowing partial differential equation which 
is the form of the velocity function, where Gp is the pressure gradient in the x direction, 

dPldx: 

+ 

where !l = !leY) ·  Using Fourier series, let 

U 
00 00 
E E  m =1 n =1 

. m 7ty . n 7tz 
U S tn -- Stn --mn h w 

h - distance between membrane and OA plate outside wal l ,  m 
w - distance between spacers, width, m 
m, n - number of periods in Fourier series 

(8 .23) 

(8 .24) 
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To satisfy the boundary conditions, determ ine the coefficients for Umn to satisfy the 
partial differential equation, Equation (8 .23) .  First, substitute the sum for U [Equation 
(8 .24)] into the partial differential equation : 

Then, 

n 2 1t2 J . m 1ty . n 1tz 
- __  U Sln -- Sln --

w 2 mn h w 

sin P1tY sin q1tZ dydz 
h w 

(8 .25) 

(assume that J and E can be interchanged) 

- t t (� 
m =1 n =1 h 2 

n 2 J 2 1 h • m1tY . p 1tY dy 1 W • n1tz  . q1tZ dz + - 1t U Sin -- Sln -- S in -- Sln--
w 2 mn 0 h h o w w 

p, q - number of periods in  Fourier series 

Using the orthogonal ity of the sine functions: 

1 h . m 1tY . p 1tY dy Sln -- Sln --o h h 

GP l h . p1ty dy l W ' q1tZ dz _ S In-- Sln --

Il 0 h o w 

o for m :t:.  p 

h - for m = p 
2 

(8 .26) 

(8 .27) 
etc . 

After integration and substitution of m, 11 with p, q: 

Gp ( 1  - cos p 1t) ( 1  - cos q1t) 
Il p7tlh q1tlw 

o for p, q both even 
4 Gp h w  

for p, q both odd 
IlPq 1t2 

(8 .28) 



Therefore, Umn = 0 for m or n even . For m, n both odd, 

or 

(m >  n > ] 2 h w  - + - 1t U -
h 2 W 2 mn 4 

U 
1 6 Gp 

mn /1 1t4 m n (m 2/h 2 

4Gp h w  

/1 mn  1t2 

+ n 2/ W  2) 

So, substituting the equation for Umn i nto Equation (8 .24) gives, 

208 

(8 .29) 

(8 .30) 

00 00 
U = E E 1 6 Gp 

sin m 1tY S in n 1tz (8 .3 1 )  
m =1 n =1 /1 1t4 m n (m 2 / h 2 + n 2 / w 2) h w 

where m and n are both odd. If  the total mass flow at a cross-section of the flow 
channel is Qm' 

p = p(Y) 

Qm - total mass flow along OA flow channel, kg S -1 

Then, assuming density, p, and viscosity, /1, are constant, 

for m, n both odd. 

Therefore, 

1 6 Gp 

/1 1t4 

co co 
E E  m =1 n =1 

00 

co co 
E E  m =1 n =1 

co 
E E m =1 n =1 

and Equation (8 .3 1 )  can be written 

2 h  2w 

m n (m 2 I h 2 + n 2 I w 2) m 1t n1t 

Qm 1t2 
4 p wh 

m 2n 2(m 2 /h 2 + n 2 / w 2) 

(8 .32) 

(8 .3 3 )  

(8 .34) 



u = 

00 00 

L L  m =1 n =1 

. m ny . n nz -------.,--- SIn -- SIn --
m n (m 2/h 2 + n 2/ w 2) h w 

00 00 
L L  m =1 n =1 
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(8 . 35)  

At x = 0 (entrance), P = Pc, Qm = QmC (total mass flow at channel entry, kg S -I ), 
therefore, 

U m n  

or for x > 0, 

00 00 
L L  m =1 n =1 

L h u (y)dy 

Q = Q c + ( 
w 

( L. m (x, z)dxdz m m Jo Jo w 

(8 .36) 

(8 .37) 

(8 .38) 

For three dimensional flow in the OA flow channel [Figure 8 .2] ,  the fluid velocity v =  
(u, v, w) . The water mass flux rate (per unit area) within the flow channel (kg m -2 S - I )  
is given by 

q",w = ( 1  - Y) p(Y) v + p(Y)DwjY) [ -V ( 1  - Y) ]  (8 .39) 

Fructose mass flux rate (per unit area) along the flow channel (kg m -2 S - I )  is given by 

At y = 0, 1I = W = 0 I .e .  v =  (0, v, 0) 
Cimw = (0, mw(x,z), 0) 
qmf = (0, 0, 0) 

and Equation (8 .39) and (8 .40) give for water: 

m.Jx, z) = [( 1 - Y) p(Y) v + p(Y)DwjY) ay ] ely y = 0  

(8 .40) 

(8 .4 1 ) 
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and for fructose, 

° = [YP( Y) V  - p(y)D/)y) ay ] 0' y ; O 
(8 .42) 

Rearranging Equation (8 .42) 

(8 .43) 

and substituting this into Equation (8 .4 1 )  gives 

mJx,z) = p(Y) [( J ; Y D,JY) + D.j.Y) J : ]
y 

- 0 (844) 

Now D ... /y) = Djw( Y), therefore 

and 

m...,(x, z) 

[ ay ] [ y 1 _ = m (x, z) 
0' y ; O p(y)D/w(y) y ; O  

w 

For x > 0, write Y(x, 0, z) = Yo(x, z) then, 

(8 .45) 

(8 .46) 

Y(x,y, z) = Y(x, O, z) + [ ay ] i, + [ az� 1 �: + 
(8 .47) 

0' y ; O ' 0' y ; O . 

(Taylor series expanded about y = 0). 

Substituting Equation (8 .46) into Equation (8 .47) gives 

or 



Y(x,y, z) 

or 

Y(x,y, z) 

where 

and where 

Yo (x, z) m . ..cx, z) 3 Y ( ) + y + a2y 2 + a- v + o X, Z y p(YO(X, Z» D/jYoCx, Z» 

b n p(Yo(x, z» Df (YO(X, Z» W a (x, z) 
Yo(x, z) mjx, z) n 

1 [ il'Y 1 a (x, z) = _ _  _ n , Oy n n .  y = 0 
, n = 2,3, . . .  

2 1 1  

(8.49) 

(8 . 50) 

(8 .5 1 ) 

(8 . 52) 

The total mass flow of fructose along the flow channel is  constant with respect to x: 

Qm/ = fa W fa h p(Y) Yu dydz = constant (8 .53)  

where P = p(Y), Y = Y(x, y, z), u = u(x, y, z) . Note that the water mass flow increases 
with increasing x along the flow channel . 

Assume that at the entry to the channel , Y = Yc , p = p(Yc) = Pc , 
u = u(O, y, z) = uc(y, z) then, 

(8 .54) 

(8 .55)  

(8 . 56) 

where QmC is  the total mass flow at the channel entry (kg s -I) [Equation (8 . 37) ] . 
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The flow of water (per unit area) through the membrane active layer into the boundary 
layer is 

mjx, z) = Crr(Y/x, z» (8 . 57) 

Conservation of water along the flow channel from left to right � 

10 W fo h ( l  - Y) p(Y) u dydz = ( l  
- YC) Qmc + 50 W 5o ;r:  mw(x, z) dxdz (8 .58) 

Conservation of fructose along the flow channel from left to right � 

(8 . 59) 

The total mass flow through cross-section of flow channel at position x I S ,  from 
Equations (8 .32) and (8 .3 8), 

50 w 50 h p(Y) u dydz = QmC + 50 w 50 L. m,.,(x, z) dxdz (8 .60) 

or, using Equation (8 . 57), 

(8 .6 1 )  

Now, substituting Equation (8 . 50) into the left hand side (LHS) of Equation (8 .59) gives 

Rearrangement gives 

+ r '"  r "  p(Y) Yo(x,z) m",(x,z) [ b 2 + 1 d ,,1_ J, J, Y + 2Y . . .  u Y"'" o 0 p(Yo(x,z» Dtw(Yo(x,z» 

(8 .62) 

(8 .63) 

Now, suppose that variation in  Y across the width (z-direction) of the channel is small 
i . e .  Y = Y(x, y), Yo = Yo(x) , mw = mw(x), etc, but 



U = U(XJl,z) = L L m =1 n =1 
( )  . m rcy . nrcz  

u x Stn -- S tn --m n h w 

2 1 3  

(8 .64) 

for m, n both odd . Therefore, Equation (8 .63) can be written, after integration with 
respect to z (fo W . • • •  dz), 

tv f' p(Y(x,y» Yo(x) E L U (x) sin m 1ty sin n 1tZ dydz. o 0 .. = 1 .. = 1 .... h W 

( ) 
. m 1ty . n1t Z  dy..l_ U x sm -- sm - "" .... h w 

(8 .65) 

Knowing that 1 w . n rc z  A_ S tn -- � 
2 w  (8 .66) 

then, 

o W 

2w 
Yo(x) E {! E [f' p(Y(x,y» u .... (x) sin m 1tY dy]l 

1t .. = 1 n .. = 1 0 h 

nrc 

+ 2 w  Yo(x)m ... �) � {_I � [ ( II 2 m 1ty ]} LJ LJ J (O p(Y(x,y» (y + b2y + . .. ) u .... (x) sin -h- dy 
1t p(Yo(x» D.rJYo(x» .. � I  n .. = 1 

(8 .67) 

for m and n both odd. Now, substituting Equation (8 .64) into Equation (8 .6 1 )  gives, after 
integration with respect to z, 

(8 .68) 

Substitution of the LHS Equation (8.68) into Equation (8 .67) gives 

YJ.x) L..c + w r-C1I(Y1(,%»cU + 2w Ift .. (,%) E {.!. E [ f.' p(ytt,y» [y + blY1 + ... J U.N(,%) sin Ift1ly dy]}} l 0 11 p(Yo(,%»D ...... (YJ.x» N . I  /I • •  1 l 0 h 

= YcQ..c 

(8 .69) 

for m and n both odd. If variation with x is smal l ,  Yo(x) = Yo and 



For x > 0, the expression (wLmC1t(Y1» is much smal ler than the third term : 

2w M,.,(X) E {!. E [t' p(YCY» [y + b2y
2 + . . .  J " .. ,,(x) sin M 1tY dY]} 1t p(Y� D.fw(Y� ,,=1 n .. = 1 0 h 

2 1 4  

(8 .70) 

approximately  by a factor of 1 07. Further approximate by writing p(Y) = p(YC> = Pc then, 

Substituting in Equation (8 .36) for Umn gives 

Dividing by QmC and simplifying gives 

1 

(8 .7 1 )  

(8 .72) 

�� [ b 2 1 ·  /II n y  dy y + 1Y + .. . sm -a h 

(8 .73) 
This equation can be used to solve for Yo. In particular, using the simplifications already 
made, 
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(8 .74) 

However, note that at the top of the channel, Y = h, we have v = a ( i .e .  a no-sl ip 
boundary) . The vertical component of q:.r is zero, so aYiay = 0 at the sol id boundary. 
If we let 

then b2 = - 1 12h and 

ar 
ay 

o at y = h ,  

y + b2y 2 + . . . = (Y - �;) + small terms 

Substituting Equation (8 .76) into Equation (8 .73) then gives, 

Simpl ified 

and 

1 + C 1t(Y1) h 
pCYJ DfwCYJ I 

(8 .75)  

(8 .76) 

(8 .77) 

(8 .78)  I 

(8 .79) 

Equations (8 .78) and (8 .79) describe the concentration gradient across the velocity 
boundary layer for normal operation, where: 



[ 

where the "small terms" is 

1 

small terms 
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2 r �  [y - L J  sin m 1tY dy + small terms )0 2h h 

(8 .80) 

(8 . 8 1 )  
Solving the first integral in Equation (8 . 80) results in 

1 

[ L L  .. - I  � - I  L L  1 
.. - I  � - I  

(8.82) 

1 
[ __ m....:....:..." <!....m_2!...1 h_2_+_"-'21_w.....c2)'--__ 1 + small terms 

1 

(8 .83)  

The first term on the RHS of Equation (8 .83)  was solved for values of m and n (both 
odd) using an iterative procedure. For m = 1 1  and n = 1 1 , the first term of the RHS of 
Equation (8 .83)  was found to equal 0 .34 .  Therefore, J = 0.34 x/R. The correction factor 
(/R) required for / took into account the remaining integrals, covering the "small terms" 
not evaluated . The integral 'f represents the relationship between the velocity profile and 
the concentration profi le .  The need for the correction factor (/R) was an indication that 
the velocity and concentration profi les did not fit a parabolic shape as initial ly assumed, 
but possib ly one of higher order. 

Equation (8 .78) describes the concentration gradient across the ful ly-developed laminar 

boundary layer. It can be used to determine the concentration Yo at the interface between 
the membrane and the boundary layer in the OA flow channel for normal operation 
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(Case 1 ) . Combining the equations for ful ly-developed laminar flow [Equation (8 .78) and 
(8 . 83 )] with those for active layer [Equation (8 . 1 )] ,  the porous support layer [Equation 
(8 . 1 5)] ,  the theoretical water flux rate at steady state can be determined. This combined 
mathematical model takes into account the resistances in the active, support and velocity 
boundary layers. 

For reversed membranes and Case 3, Equation (8 .78) can be used to determine the 
concentration gradient across the velocity boundary layer by replacing the variab le Yo 
with Y\ > the concentration at the active layer interface. 

The assumptions made during development of this model for three dimensional flow: 
I .  Solute flux = 0 and 1tJ = o. 
2.  At steady state, within the support layer DfW(Y) ::::: Djw(Yt) = constant and p(Y) ::::: p(Yt) 
= constant. 
3 .  The size of the velocity and concentration boundary layers adjacent to the membrane 
in the OA flow channel were equal and diffusion was occurring right across the 
boundary layers. 
4. Conservation of mass and momentum in OA flow channels, and flow was 
incompressible .  
5 .  Ful ly-developed laminar flow in OA flow channel .  
6 .  Uniform velocity flow profi le along the boundary layer having a parabolic shape. 
7. Density, p, and viscosity, fl,  within the boundary layer are constant. 
8. Mass flow of solute along the flow channel is constant with respect to x and the water 
mass flow increases with x along the flow channel .  
9 .  At entry to the flow channel : Y = Yc , p = p(Yd = Pc , u = u(O, y, z) = uc(y, z), QmC 
is the total mass flow at the channel entry. 
1 0 . Variation in Y across the width (z-direction) of the channel is small ,  therefore, Y = 

Y(x, y), Yo = Yo(x) , mw = mw(x) . 
I I . At the top of the channel, y = h, v = 0 (i .e . a no-sl ip boundary). 
1 2 . The vertical component of cf",f is zero, so aYlay = 0 at the sol id boundary.  
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8.3. Solution of DOC model for mass flux rate of water 

A summary of the equations derived to describe the concentration gradients across the 
membrane and boundary layers, and the equation used to determine the membrane water 
flux rate during DOC are presented in Table 8 . 1 .  

Table 8. 1 .  Summary of DOC model 

Boundary 

laye� 

Support 

layerb 

Active layer 

y. 1 + I 
{ C7t(Yt)h 1 

o 2 p(YO>D/W(YO> 

Equation (8.78) 

= Yc 

Yt = ( C 7t(Yt) d. ) 
Yo exp -

p(Yt) D .(Yt) 

Equation (8. 1 5) 

"'w = C 7t (Yt) 

Equation (8. 1 )  

D.(Y) 

a. Model assumes fully-developed laminar flow in OA flow channel .  

= � Dtw<Y) • 

b. The membrane is orientated for normal operation, with active layer facing the juice circuit and 

the support layer facing the OA c ircuit. 

The model was solved for three possible membrane orientations :  
Case 1 .  Active layer facing the juice circuit, support layer facing the OA ci rcuit and a 
ful ly-developed boundary layer in OA flow channel (normal membrane orientation) 
[Figure 8 . 1 (a) ] ;  
Case 2 .  Active layer facing the juice circuit and support layer facing the OA circuit, no 
velocity boundary layers in OA channel [Figure 8 . 1 .  (b) ] .  
Case 3 .  Active layer facing the OA circuit, no  support layer in OA channel and ful ly
developed boundary layer in OA flow channel (reversed membrane orientation) [Figure 
8 . 1 (c)]; 
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Case 1 .  Values for the OA concentrations Y1 and Yo were determined from the OA bulk 
concentration, Yc- In summary, the procedure used to determ ine Y1 was to initially guess 
its value (e.g. O. 5 YC>, and to use that value to calculate Yo and then Ye using Equations 
(8 . 1 5) and (8 . 78) .  If the value of Ye calculated from the guessed values of Y1 and Yo was 
equal to the experimental value of Ye in the OA channel, the guess of Yl was assumed 
to be correct. 

A flow diagram of the iterative procedure used to solve for Y1 and Yo at each position 
along the membrane is shown in F igure 8 . 3 .  If  the difference between the calculated and 
experimental Ye was equal to zero the value guessed for Y1 was correct, thereby, giving 
the correct value for Yo. If  not, a second guess of Yl was taken based on the difference 
calculated above using the fol lowing procedure. If the difference was less than zero the 
guess of Y1 was originally too large. Therefore, the next guess of Yl was taken as a value 
half way between the previous guess and Y1 min. If the difference was greater than zero 
the guess of Y1 was original ly too smal l .  Therefore, the next guess of Yl was taken as 
a value half way between the previous guess and Yl max. With the new guess for Yl> 
Equations (8 . 1 5) and (8 .78) were again solved and the value of the difference 
determined. This process was continued unti l the difference was equal to zero or within 
a small pre-set tolerance. 

Having calculated a value for Yl the water flux rate across the membrane was 
determined for each position along the membrane using Equation (8 . 1 ) . The total water 
flux rate was calculated by summing the individual water flux rates over the whole 
avai lable membrane area. 

The diffusion coefficient of the solution in the concentration boundary layer in the 
support layer was estimated by the effective diffusion coefficient for a solution at 
concentration Y1 [De(Y1 )], Equation (8 .8)] . In the velocity boundary layer the binary 
diffusion coefficient was determined from the solution concentration Yo [DjW(Yo)] .  

Case 2 .  The model was also solved for the presence o f  the active and support layers but 
for no velocity boundary layer. The concentration in the OA flow channel adjacent to 
the support layer was Ye. The concentration at the interface between the active and 
support layer Y1 provides the driving force for water transfer across the active layer. Yl 
was determined iteratively from Ye using Equation (8 . 1 5), in which the variable Yo was 
replaced by the variab le Ye. The water flux rate was determined from Yl . 
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Figure 8.3. Flow diagram of iterative procedure to solve for concentration Yt 

Procedure to solve for Y1 for normal membrane orientation, Case I .  

p( Y) 

- concentration at interface between active and support layer, 
g (g solutionfl 
- concentration at interface between support layer and velocity boundary 
layer, g (g solutionfl 

- concentration of OA in OA channel free-stream, g (g solutionfl 
- water flux rate, kg m -2 S - I 
- thickness of support layer, m 
- density of solution at concentration Y, kg m -3 
- binary diffusion coefficient of fructose in aqueous fructose solution at 
concentration Y, m2 S -I 

LHS - left hand side of Equation (8 .78) 
C - membrane constant, kg m -2 s - I Pa-I  
I - i ntegral function describing velocity and concentration profiles across 

the OA channeL 

For Case 2, Equation (8 . 1 5) is only solved and for Case 3 ,  Equation (8 . 78) is only 
solved . 



Y\ min - 0 

> i < 

( C1t(Yl)dl ) Y. = Y1 exp o p(Y1) D.(Y1) 

(8. 15) 

LHS = Yo {I + _C_1t_(_Yl_) - . I } 
p(YO>D.tJYo> 

(LHS of (8.78» 

Difference = abs(Yc - LHS) 

Difference = IJ----<. 

Difference < 0 

22 1 

Difference > 0 
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Case 3. The model was solved for the presence of the active membrane and velocity 
boundary layer only, no support layer was present in the OA flow channel [Figure 
8 . 1 (c)] . The concentration at the interface between the active layer and velocity 
boundary layer, Y1 ,  was determ ined iteratively from Yc using Equation (8 .78) where the 
variab le Yo was replaced with YI . The water flux rate at each position along the 
membrane was calculated from the value of YI determined. 

A program was written in Pascal language (Turbo Pascal 7, Borland International, 
Cal ifornia, USA) to the solve the equations of the DOC model using the above i terative 
procedures. The DOC model determined the water flux rate and the concentration 
profi les across the membrane support and velocity boundary layers for the three different 
cases described above. The complete program is presented in Appendix A4. 

8.4. Testing the model with experimental data 

8.4. 1 Water flux rates 

The experimental data on water flux rates determined with the smal l l aboratory DOC 
module, using fructose and NaCI as the osmotic agents, were used to test the theoretical 
model for DOe. Cases 1 and 3 were tested. No experimental data were col lected to test 
Case 2 .  

The OA channel dimensions, standard data and functions used to solve the DOC model 
are presented in Table 8 .2 .  The values for the membrane constant C used to solve the 
model were determined from the experimental data. For fructose, C = 1 .4 X 1 0 -9 

kg m -2 s -I Pa -I and for NaCl ,  C = 1 .  5 x 1 0  -9 kg m -2 s -I Pa -\ at 20°e . A porosity ( e )  of 
0 .5  was assumed based on information provided by Herron ( 1 995) .  For cyl indrical 
perpendicular pores the tortuosity ('t) is equal to unity (Mulder, 1 992). As the tortuosity 
of the membrane was unknown initially, it was first assumed to be unity. It was found 
later that a tortuosity of 1 .2 for the support layer provided theoretical flux rates that 
agreed wel l with experimental results . 

In the mathematical model it was assumed that the concentration and velocity profiles 
in the OA flow channel were parabol ic in  shape. The correction factor (IR) was an 
indication that the velocity and concentration profi les did not fit this shape, but possibly 
one of h igher order. /R is used to correct this assumption, about the flow profi le, for the 
actual flow in the OA flow channel . Different values for /R were determined for each 
OA solution used. The values of /R required to solve the mathematical model were found 
to be 0 .023 for fructose and 0.05 for NaC I .  The velocity and concentration profiles in 
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Table 8.2. Data and functions used to solve the mathematical model for the small 

laboratory DOe module at 200e 

OA channel dimensions Flow channel length, Lm 0. 1 545 ± 0.0005 m 

Flow channel width, W 0.0 1 43 ± 0.000 1 m 

Equivalent channel width', wlb  0.030 ± 0.003 m 

Equivalent channel width', w2c 0.0 1 6  ± 0.009 m 

Equivalent channel width', W3d 0.039 ± 0.003 m 

Equivalent flow channel height·, h 0.0 1 7  ± 0.00 1 m 

No. of flow channel for section I ,  2 & 3 2, 1 7, 2 

Total membrane area 0.064 ± 0.024 m2 

Membrane support layer thickness 1 50 J.Lm 

Velocity, OA channel, U 0.03 m S-I 

Membrane constant, C fructose 1 .4 x 1 O -9 kg m-2 S- I  Pa-I 

NaCI 1 .5 x 1 O -9 kg m-2 S- I  Pa-I 

Density of water at 20°C 998.2 kg m -3 

Viscosity of water, J.Lo at 1 0°C 0.00 1 307 kg m-I S -I 
at 20°C 0.00 1 002 kg m -I S -I 
at 40°C 0.000653 kg m-I S- I  

Molecular weight fructose 1 80. 1 6  g morl 
NaCI 58.44 g mol -I 
water 1 8.0 g mol -I 

DOAB at infmite dilution fructose at 1 0°C 4.7 x 1 0-10 m2 S- I  
fructose at  20°C 6.0 x 1 0-10 m2 S- I 
fructose at 40°C 9.3 x 1 0 -10 m2 5-1  
NaCI at 20°C 1 .34 x 1 0 -9 m2 S-I 

Functions at 20°C density : fructose (kg m -3) 998.2 + 383Y + 1 58y2 f  

density : NaCI (kg m -3) 998.2 + 697Y + 25 1 y2  

viscosity : fructose (kg m-I S-I ) log.(,.uJ.Lo) = 26.8xp8 

viscosity : NaCI (kg m-I S-I ) J.Lo( l + 1 .7 Y - 1 .6y2 + 
36.5y3) 

diffusion coefficient : fructose (m2 S -I ) log.(D°,wlDAB) = 1 2.96xp 

osmosity : fructose (mol I -I) 2.85Y + 5 .23y2 

osmosity : NaCI (mol I -I ) 1 7 . I Y  + 1 1 .7 y2 + 4 .94y3 

osmotic pressure : fructose and NaCI MPa 4.36S + 0.2 1 3.s'2+O.0595S3 h 
a Equivalent channel width for section taking into account full membrane deflection. Equivalent 

channel width = available membrane area/L ... 
b Average for sections I and 3, plate I .  
c OA plate section 2 only, W2 = La' 
d Average for section I and 3 ,  plate 2.  
e Equivalent flow channel height for fully deflected membrane, m. 
f Mass fraction, g (g solution) -I . 
g Mole fraction. 

h Osmosity, mol rl . 
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the boundary layers were affected by the viscosity of the solution in the flow channel . 
High viscosity solutions would result in higher shear and steeper velocity gradients at 
the channel wal l or membrane. Fructose and NaCI solutions have very different 
viscosities, hence with each solution the velocity profi les in the flow channels were 
different, requiring different values of IR for each solution. 

For Case 1 ,  the water flux rates determined by the mathematical model were found to 
agree wel l with the experimental data for fructose and NaC I .  For Case 3 ,  the water flux 
rates from the mathematical model were again found to agree wel l with the experimental 
data obtained when the membranes were reversed. The results for these two cases are 
presented in F igure 8 .4 .  The theoretical results for Case 2 are also presented. For Case 
I only, the theoretical water flux rates determined for different operating temperatures 
are presented in Figure 8 . 5 .  Water flux rates are presented with respect to the osmotic 
pressure difference (�7t) between the juice circuit's free-stream osmotic pressure (7t]) and 
the OA circuit's free-stream osmotic pressure (7tOA) '  The value of 7t] = 0 and 7tOA = 7t(Yd. 

The mathematical model successful ly predicted flux rates for Case l over the osmotic 
pressure range tested ( 1 . 5 to 30 MPa). This was true for different OAs (fructose, NaCI) 
and different temperatures ( 1 0, 20 and 40°C) .  

In Case 3 ,  with membrane reversed, the model was a successful � redictor of flux rates 
for fructose OA at 20cC . However, it was a poor estimate for NaCI as OA, at 
concentrations above 1 5  MPa. 

The results confirm that support and velocity boundary layer resistances were very 
important in determining the flux rate of water across the DOC membrane. Using the 
theoretical data the percentage contribution of each resistance: active layer (R1 ), support 
layer (R2) and velocity boundary layer (R3) to the total resistance to water transfer was 
calcu lated for the two OAs . For selected OA concentrations the theoretical and 
experimental percentage resistances are presented in Table 8 . 3 .  

Except for the lowest O A  concentrations the theoretical resistances agreed with values 
determ ined from experimental data. 
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Figure 8.4. Theoretical and experimental water flux rates for fructose and NaCI as 

osmotic agents 

Module set up: 
Juice circuit - water only, at 20.0 ± O. l oC, flow rate 4 x 1 0 -5 m3 S - 1 

OA circuit - fructose and NaCI solutions, at 20 ± 0 . 1 °C, flow rate 7 x 1 0 -6 m3 S - 1 

Osmotic pressure difference, Ll1t = (1tOA - 1tJ) ' Data points presented are means of 
experimental ly determined data. The horizontal l i nes represent two standard errors about 
each mean . 

------ Case I 

- - Case 2 

-- Case 3 

- theoretical data for model including: active layer (am), support 
layer (sm) and ful ly-developed boundary layer (fdb l) 
- theoretical data for model including: active and support layers 
only (am and sm) 
- theoretical data for model including: active layer (am) and ful ly
developed boundary layer (fdbl )  

(a) F ructose solutions as OA 
Theoretical values determined using mathematical model derived for DOC 
C = 1 .4 x 1 0 -9 kg m -2 S -I  Pa-I ,  ds = 1 50 11m, IR = 0.023 

o Experimental data : membrane orientated with active layer facing juice circuit 
6. Experimental data : membrane orientated with active layer facing OA circuit 

(b) NaCI solutions as OA 
Theoretical values determined using mathematical model derived for DOC 
C = 1 . 5 X 1 0 -9 kg m -2 S - I  Pa-I , ds = 1 50 11m, IR = 0.05 

o Experimental data : membrane orientated with active layer facing juice circuit 
o Experimental data : membrane orientated with active layer facing OA circuit 
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Figure 8.5. Theoretical and experimental flux rates at various temperatures using 

fructose 

Module set up: 
Juice circuit - water only, flow rate 4 x 1 0 -5 mJ S - I 
OA circuit - fructose solutions, flow rate 7 x 1 0 -6 mJ S - I  
Operating temperatures (± SEN! for n = 3 )  were: 1 0 .0 ± 0 . 1 °C; 20.0 ± 0. 1 °C; 
40.0 ± 0. 1 °C 

Data points presented are means of experimental ly determined data. The horizontal l ines 
represent two standard errors about each mean . 

For Case 1 (active layer (am), support layer (sm) and ful ly-developed boundary layer 
(fdb l», theoretical values determined using mathematical model derived for DOC 

- theoretical ly determined data 
1 0°C C = 1 . 3 x 1 0 -9 kg m -2 S - I Pa-I ,  ds = 1 50 11m, IR = 0.023 
20°C C = 1 .4 x 1 0 -9 kg m -2 S - I  Pa-\ ds = 1 50 11m, IR = 0.023 
40°C C = 1 . 6 x 1 0 -9 kg m -2 S - I  Pa-I ,  ds = 1 50 11m, IR = 0 .023 
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Table 8.3. Contributions of individual resistances determined from theoretical and 
experimental data 

Theoretical' Experimental b 

OA solution OA concentration %R,C %R2d %R; %R,C %R2d %R; 
(g (g solutionr') 

Fructose 0. 1 0  40 43 1 7  44 55 I 

0.35 1 3  63 24 1 5  62 23 

0.50 8 67 25 9 64 27 

0 .70 5 70 25 5 69 26 

NaC I 0.02 57 24 1 9  64 3 2  4 

0 . 1 0  23 44 33 25 4 1  34 

0. 1 5  1 6  4 9  35  17  44  39  

0.23 1 0  55 35  I I  43 46 

a. For normal membrane orientation, determined from theoretical values using Equations (6. 1 )  to 

(6.3). 

b For normal membrane orientation, determined from experimental data using Equations (6. 1 )  to 
(6 .3)  [see 6.8] .  

c. Resistance in the active membrane layer. 

d .  Resistance in the porous support layer. 

e.  Resistance in the velocity boundary layer. 

If the same flow conditions and characteristics in the DOC module are maintained then 
reducing the thickness of the support layer and possibly reducing the amount of mesh 
material used wi l l  lead to a reduction in support layer resistances . The presence of the 
nylon mesh in the support layer was reported to reduce the flux rate through this layer 
(Herron, 1 995) .  As the model assumes ful ly-developed laminar flow, any increase in the 
velocity of the OA solution in the OA flow channel wi l l  not affect the resistances and 
the water flux rate significantly while the flow remains laminar. As discussed in Section 
6 .8  the OA solution properties also have a large influence on the resistances and hence 
the water flux rates. 

The actual osmotic pressure driving force across the active layer can be determined from 
the concentration at the surface of the active membrane layer facing the OA channel 
(Y\) .  The mathematical model was used to determine the actual concentration of solute 
at the active l ayer for different concentrations (Yd of fructose and NaCI  OAs. The only 
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variab le data input into the model was the concentration ( Ye) of OA in the bulk free
stream . The actual osmotic pressure difference across the active layer (n(Y, » calculated 
from the mathematical model was plotted against experimental ly determined flux rates, 
as shown in F igure 8 .6 .  Linear relationships were found. This supports the assumption 
that mass transfer across the active layer was by osmosis . 

8.4.2. Concentration p rofiles across mem brane 

Using the theoretical equations which described the concentration gradients across the 
support and boundary layers [Equations (8 . 1 5) and (8 .78)] ,  the concentration profiles 
across these layers were determ ined and are presented in F igure 8 .7 .  The concentration 
gradients correspond to the water flux rates curves presented in Figure 8 .4 for fructose 
as OA. 

The concentration profiles across the support layer show the resistance to the transfer 
of water away from the active layer. As water exits the active layer it meets a large 
resistance in the support layer. The water moves slowly away from the active layer and 
is replaced by the OA solute; this is shown in the exponential concentration gradient. 
The concentration gradient across the boundary layer has been assumed to be l inear as 
shown in the concentration profiles .  

8.5. Steady state water flux rates 

Assuming ful ly-developed laminar flow in the OA flow channel resulted in a model for 
the Osmotek DOC system which estimated water flux rates in good agreement with 
experimental data. The model can be used to estimate water flux rates for the DOC 
module, for water only in the juice circuit and for a number of osmotic agents provided 
various physical properties are known . The mathematical model assuming ful ly
developed laminar flow predicts the DOC water flux rates better than the first velocity 
boundary layer model derived for growing boundary layers in OA flow channel .  

In deriving the mathematical model it was assumed the solution-diffusion model was the 
most appropriate for describing the water flux across the active layer. Diffusion across 
the support layer and velocity boundary layer was governed by F ick's law of diffusion. 
In the porous support layer an effective diffusion coefficient was used, as the water was 
diffusing through a porous medium not a continuous solution as in  the velocity boundary 
layer. The effective diffusion coefficient takes into account the porosity and tortuosity 
of the porous layer. The rate of water transfer across the active, support and velocity 
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Figure 8.6. Relationship between the theoretical actual osmotic pressure driving 

force and experimental water flux rates 

Module set up: 
Juice circuit - water only, at 20.0 ± O. I °C, flow rate 4 x 1 0 -5 m3 S

- 1 

OA circuit - fructose and NaCI solutions, at 20 ± O. I °C, flow rate 7 x 1 0 -6 m3 S
- 1  

Actual osmotic pressure driving force determined with theoretical mathematical model .  
Data points presented are means of experimental ly determined data. The horizontal l ines 
represent two standard errors about each mean . The overall standard error of means 
(SEN!) = 5 X 1 0 -5 for n = 3 .  Best fit l inear regression l ines are presented. 

(a) Fructose 
o - active layer of membrane facing the juice circuit (Fructose 1 ,  am & sm & fdbl)  
t:. - active layer of membrane facing the OA circuit (Fructose 2, am & fdb l) 

(b) NaCI 
o - active layer of membrane facing the juice circuit (NaCI 1 ,  am & sm & fdb l )  
o - active layer of membrane facing the OA circuit (NaCl 2, am & fdbl)  

Membrane Fructose NaCI 
orientation. 
active layer OA Approx. Actual OA Approx. Actual 

facing : concentration" �1tb �1tc concentration" �1tb 
�1tc 

(g (g solution) - I  (MPa) (MPa) (g (g solutionrl (MPa) (MPa) 

juice circuit 0. 1 0  1 . 5 0.6 0.02 1 . 5 0.9 

0 .35 8 .0 1 .2 0. 10  9. 1 2. 1 

0.49 1 4 .2 1 . 3 0. 1 5  1 5 .5 2.5 

0 .69 28.9 1 . 5 0.23 30.5 3 .0 

0;\ circuit 0 . 1 0  1 .5 1 . 1  0.02 1 .5 1 . 1  

0 .34 7 .6 2 .8 0. 1 0  9 . 1 3 .7 

0.48 1 3 .6 3 .6 0 . 1 5  1 5 .5 4.9 

0.67 27.0 4 .4 0.22 28. 1  6.4 

a .  0;\ concentration ( YC> in the OA circuit bulk free-stream used during experimental trials. 

b .  Osmotic pressure difference, 61t = (1tOA - 1tJ) and 1tJ = 0,  calculated from the two bulk free

strcams. 

c .  Actual osmotic pressure difference across the active layer detennined by the mathematical model .  
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Figure 8.7. Concentration profiles across support and boundary layers in  DOC 

membrane 

For fructose as the OA, concentration profi les calculated using theoretical equations 
describing concentration gradients across the support layer of membrane and the ful ly
developed laminar boundary layer. 

Solute concentration Y (g (g solutionfl) at various distances along the support layer or 
ful ly-developed boundary layer (m). Active layer not drawn to scale. 

(a) Active layer (am) and ful ly-developed boundary layer (fdbl) (Case 3) .  

(b)  Active layer (am) and support layer (sm) (Case 2). 

(c) Active layer (am) and support layer (sm) and ful ly-developed boundary layer 
(fdb l) (Case I ) . The concentration profile at the start of the boundary layer up 
to 0 .00 1 m is shown. 

(d) Active layer (am) and support layer (sm) and ful ly-developed boundary layer 
(fdbl) (Case I ) . 



I C .2 
i 
2 
2 >-

I C .2 5 a .. 
2 
2 
>-

234 

0.8 
(a) am fdbl 

0.6 
� c 0 ., 

::J � 0.4 
2 
2 
>-

02 

"�--------------I 
0.0 �------� . . r------'r------,-------,-------;-L-----; 

(b) 
0.8 ,---��-----gn�-------r-------------------------' 

0.6 

0.4 

� 02 

� 
0.0 

0.0 0.5 1 .0 1.5 diatance aeroll support layer ex 10'" m) 

(c) 
0.8 .---;C":-__ --"'''--__ ,-____ ---!:f<l>l=-____ -, 

0.6 

0.4 

02 

0.0 +----'--;---,.---,.---t----r--r----r----,----l 
0.0 0.5 1 .0 1.5 diltance across support lIIy« ex 10'" m) edge Of boundory lay..In OA now channel 

0.0 0.004 0.008 0.012 0.016 0.020 
distance across fuly developed bowldary layer (m) 

(d) am sm fdlll 

0.0 0.004 0.008 0.012  0.016 0.020 
distance across fully developed bo�ry layer (m) 



235 

boundary layers was wel l predicted by the mathematical model derived using these mass 
transfer theories. 

The overall resistances in the two membrane layers and the velocity boundary layer were 
taken into account in the mathematical model .  The greatest resistance to the flow of 
water from the juice circuit to the OA flow channel was the presence of the support 
layer. For fructose as the OA, at concentrations greater then 0 .2 g (g solutionfl the 
support layer and velocity boundary layer reduced the flux rate by approximately 6 1  % 
and 1 8%, respectively. For NaCI as the OA, at concentrations greater than 0 . 1 
g (g solutionfl the flux rate was reduced by approximately 50% and 24%, respectively 
by each layer. Resistances in the support and velocity boundary layer were found to 
increase with OA concentration . 

The experimental and theoretical results obtained agree with the findings of Rautenbach 
and Albrecht ( 1 989), that the support layer provided a considerab le resistance to the 
water transfer across the membrane. They also found with normal membrane orientation 
large increases in the OA concentration in the OA bulk free-stream would only lead to 
smal l increases in flux rates. 

Rautenbach and Albrecht ( 1 989) modelled DOC for an asymmetric membrane. The 
resistances in the membrane and velocity boundary layers described as mass transfer 
coefficients were determined empirical ly .  The mass transfer across the membrane support 
and boundary layers was described by F ick's law. The governing equation for the 
support layer also took into account the porosity of the support layer and was based on 
the pore model .  They assumed solute transfer occurred across the membrane. Their 
model took into account the asymmetric nature of the membrane and concentration 
boundary layers but they did not test the model with DOC experimental data. They 
provided the final equations for solving for flux rates, but the mass transfer coefficients 
needed to be determined from experimental data. The mass transfer coefficients were not 
estimated to test their DOC model . The models were presented for the two membrane 
orientations and they calculated that greater fluxes would be obtained with the active 
layer facing the OA as was found with the Osmotek Inc. DOC system. 

The mathematical model for DOC proposed by Moody and Kessler ( 1 976) was based 
on the assumption that an infinite supply of water from the di lute solution was avai lable 
and its concentration did not change. A concentration polarisation layer formed on the 
di lute side of the membrane and solute concentration decreased near the membrane 
surface on the OA side. Their model assumed two un-stirred films or concentration 
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boundary layers of unknown th ickness at the membrane. The concentrations of solute 
in the OA or di lute solution were assumed to be equal to the bulk concentrations at a 
distance, the thickness of the boundary layer, away from the membrane. Solute rejection 
by the membrane was assumed to be less than 1 00% but greater than 90%. The DOC 
system model led in this study had an infinite supply of water from the juice side when 
water only was present. The concentration does not change and we assumed no 
concentration boundary layers developed. In this current study negl igible solute transfer 
was assumed for model l ing purposes . Moody and Kessler ( 1 976) derived the model for 
an homogenous membrane, not an asymmetric membrane with a porous support layer. 
Therefore, this model was not suitable for the Osmotek DOC system . 

The empirical model proposed by Beaudry and Lampi ( I 990(a» assumed the water flux 
rate was directly proportional to the concentration difference across an homogenous 
membrane. The proportional ity constant was determined empirical ly from a sum of all 
resistances from the membrane and boundary layers. As this model did not take into 
account the asymmetric nature of the membrane, and it also used the bulk solution 
concentration to determine the osmotic pressure driving force across the membrane it 
was considered to be unsuitable for the DOC system tested. 



CHAPTE R  9 

CONCLUSIONS AND RECOMMENDATIONS 

9. 1 .  Conclusions 

I .  The transport of water molecules from the juice stream, containing water only, 
to the OA free-stream was achieved across three unique sets of resistances 
present in :  the semi-permeable non-porous active membrane layer, the porous 
membrane support layer and the boundary layer in the OA flow channel .  

2 .  The contribution of  the active, support o r  boundary layers to the total resistance 
to water transfer was dependent on the OA type, OA concentration and 
temperature. 

3 .  At 20°C, for fructose OA at 0 .50 g (g solutionfl the active layer contributed 9% 
of the total resistances, the support layer 64% and the boundary layers in the OA 
channel 27%. For NaCI OA at an iso-osmotic concentration (0. 1 5  
g (g solution) -I) the resistances contributed by each layer were 1 7%, 44% and 
39%, respectively. For both OAs the resistances to water transfer in the support 
layer and OA channel boundary layers were highly significant and greatly 
influenced the overal l  water flux rates obtained in the DOC system. 

4 .  The mechanism for water transfer across the active layer was osmosis .  Water 
transfer across the concentration boundary layer in the support layer was by 
diffusion and porous flow. Across the velocity and concentration boundary layers 
in the OA channel water transferred by diffusion. 

5 .  The OA solution properties were found to have a significant influence on water 
flux rates. These properties include solute type, solute concentration, solution 
viscosity, and diffusion coefficient of the water or solute in the solution.  

6 .  The DOC membranes were asymmetric, and their orientation greatly influenced 
water flux rates . Highest flux rates were obtained with the active layer adjacent 
to the OA flow channel and water in the juice circuit .  

7 .  The operating temperature had a large influence on the water flux rates. 
Increased operating temperatures led to increased flux rates. Temperature also 
had an effect on the solution viscosities and diffusion coefficients . 

237 
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8 .  The DOC process of Osmotek Inc .  was successful ly mathematical ly  model led by :  
using the solution-diffusion model for the transport in the active layer; taking 
into account the porous nature of the support layer, and; by assuming ful ly
developed laminar flow in the OA flow channels. The model was found to 
successful ly predict water flux rates for two different osmotic agents, at different 
temperatures and for the different membrane orientations. 

9.2. Recommendations for future work 

I .  Investigate the presence of solutes in the juice circuit on mass flux rates . 
Determine the additional resistance to the mass transfer of water contributed by 
the concentration and velocity boundary layers on the juice side of the 
membrane. Update the mathematical model for DOC to include solutions in the 
juice circuit with a starting solute concentration as found in single strength 
JUIces. 

2 .  Investigate other membranes suitable for DOC which may have greater 
permeab i l ity to water and have less resistance overall to the transfer of water. 
Investigate other DOC membrane systems. Determine the water flux rates 
experimental ly and using the theoretical mathematical model derived for DOC. 

3 .  Investigate the level o f  solute transfer occurring during DOC, especial ly whi le 
concentrating real solutions. Retention of valuable flavour compounds IS 
important for h igh qual ity l iquid foods such as fruit juice concentrates . 

9.3. Recommendations for operating DOC processes 

1 .  Reduce the thickness of the porous support layer whi le  maintaining membrane 
strength . 

2 .  Improve mixing on the OA side of  the membrane. 

3 .  Use osmotic agents which exert high osmotic pressures and have low solution 
viscosities, high diffusion coefficients and that do not permeate through the 
membrane. 



CHAPT E R  1 0  

SUMMARY 

The objectives of this research were to : 
I .  Define the system parameters (channel geometry, fluid propert ies, membrane 
characteristics), operating and boundary conditions of a DOC module. 
2. Determine the mass transfer properties of the membrane to solute and solvent. 
3 .  Define the resistances in the system to solute and solvent flow. 
4. Mathematical ly model the DOC process. 

DOC is a non-thermal, low pressure, continuous membrane concentration technique for 
l iquids. It uses osmosis to drive the transfer of water across a semi-permeable 
membrane. In the DOC process, a solution with a h igh osmotic pressure (the osmotic 
agent, OA) is circulated on one side of the membrane. A more di lute solution to be 
concentrated Guice) is circulated on the other side of the membrane. As these two fluids 
recirculate water transfers across the membrane from the juice to the OA side in an 
attempt to equalize the concentrations (osmotic pressures) .  This results in the di lute 
solution becoming more concentrated and the OA more di lute. 

The DOC apparatus consists of two OA plates between which are p laced two flat 
membrane sheets. The juice circuit flows between the membrane sheets and the OA 
circuit flows up the two plates contacting the other side of the membranes. A sl ightly 
higher hydraul ic  pressure in the juice circuit ensures the two membranes stay apart. In 
the juice circuit, the flow channel is not straight but fol lows a designed corrugated path. 
This ensures the flow in the channel remains turbulent, as was observed in this study. 
The flow in the OA flow channel was lam inar and co-current to the juice channel . 
Boundary layers were observed in the flow channels .  Water has to diffuse across the 
boundary layer adjacent to the membrane in order to reach the OA free-stream . 

The DOC membranes are asymmetric, cel lulose acetate based membranes which consist 
of a thin semi-permeab le non-porous active skin layer ( 1 5  Jlm) and a thick porous 
support layer ( 1 50 Jlm) .  A nylon mesh is incorporated into the porous support layer for 
increased strength . It was claimed that the active layer effectively excludes the passage 
of solutes with a nominal molecular weight cut-off of 1 00 g mol -I . Ions such as Na + and 
C l - were able to penetrate the membrane, but only to a smal l degree. The membrane's 
rejection of fructose was on average 99.9%, while for NaCI it was on average 99 .0%. 
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As fructose has a molecular weight of 1 86 , 1 6  g mol -I the nominal molecular weight cut
off of the membrane must have been greater than 1 00 g mol -I , 

For normal operation the membranes were orientated with the active layer facing the 
juice circuit and the support layer facing the OA circuit. Because water only was 
ci rculated in the juice circuit in this study there were no boundary layers present on this 
side of the membrane (osmotic pressure = 0), The osmotic pressure difference between 
the juice circuit and the OA circuit free-stream (�1t = 1tOA) was not used directly to 
calculate the actual membrane water flux rate but was used to give an approximation of 
the osmotic  pressure driving force, With fructose OA solutions, the relationship between 
steady state water flux rates and �1t was asymptotic .  The flux rates increased at a steady 
rate up to �1t = 1 5  MPa after which the flux rates began to level off. The flux rate at 
�1t = 1 5  MPa was 1 . 75 ± 0,05 x 1 0 -3 kg m -2 S -I at 20°C . The flux rate at �1t = 30 MPa 
was only 1 0% higher. 

Increasing the operating temperature resulted in increased flux rates . Water flux rates at 
40°C were 50% h igher than at 20°C . The flux rate curves were found to fol low the same 
asymptotic shape with �1t at different temperatures. 

With NaCI as OA, flux rates were twice that of fructose and the increase in flux rate 
with �1t fol lowed the same asymptotic curve as for fructose OA. Using sucrose instead 
of fructose at an iso-osmotic concentration resulted in a 3 3% decrease in the water flux 
rates. 

The viscosities of iso-osmotic NaCl ,  fructose and sucrose solutions at 8 MPa and 20°C, 
were 0 .00 1 2, 0 .004 and 0 .0 1 1 kg m -I S -I ,  respectively. The binary diffusion coefficients 
for these solutions were 1 3 .4, 3 . 1  and 1 .9 x 1 0 -10 m2 S - I ,  The solution properties of the 
OA had a significant impact on the water flux rates achieved , OA solution viscosity and 
diffusion coefficients had a strong influence on the diffusion rate of water through the 
support and velocity boundary layers. 

When the membranes were reversed, with the active layer facing the OA circuit, the 
water flux rates obtained were 40 to 60% h igher than the flux rates obtained with the 
membranes orientated for normal operation, observed with fructose and NaCI OAs at 
20°C . With this orientation the resistances to water transfer were provided by the active 
layer, and the velocity and concentration boundary layers. 
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When the membrane was orientated for normal operation the resistances to transfer of 
water from the juice circuit to the OA free-stream were present in the active (R. )  and 
support (R2) membrane layers, and in the velocity and concentration boundary layers (R3) 
in OA channel . The resistances in the active layer were dependent on membrane 
properties .  OA solution fi l led the pores in the support layer and formed a stationary 
concentration boundary layer through which water had to diffuse to reach the OA 
channel . Water moved through the stationary layer by diffusion, driven by the 
concentration gradient across it (Fick's law) and by a small pressure drop across the 
layer (Darcy's law for flow through porous media) . Resistances in the support layer were 
dependent on the structure of the layer and OA solution properties . 

The resistances in  the velocity and concentration boundary layers were dependent on the 
solution properties and on the thickness of the boundary layer which was determined by 
flow dynamics and solution viscosity .  Water transferred across this layer by diffusion. 

The percentage contribution of each resistance to the transfer of water was found to be 
dependent on the OA type and concentration. The absolute resistance in  the active layer 
was constant for al l  concentrations but its contribution to the total resistance decreased 
with increasing OA concentration. The resistance in the active layer was estimated by 
the membrane constant (C), determined experimental ly at 20°C to be 1 .4 x 1 0 -9 

and 1 . 5 x 1 0 -9 kg m -2 s -. Pa -. for fructose and NaCl,  respectively. For fructose OA at 
0 .50 g (g solutionf· the support (R2) and boundary (R3) layers contributed 64% and 27% 
of the total resistances, respectively, with the remaining 9% from the active layer (R. ) .  
For an  iso-osmotic NaC l  OA (0. 1 5  g (g  solutionf·) the resistances contributed by the 
active (R.), support (R2) and boundary (R3) layers were 1 7%, 44%, and 39%, 
respectively .  

The resistances to water transport in the support and velocity boundary layers were 
found to be highly s ignificant and greatly influenced the overal l  water flux rates 
obtained in the DOC system. 

Diffusion was the key mechanism for water transfer across the support and boundary 
layers. The OA solution diffusion coefficient and viscosity had a major influence on the 
water flux rates . The conditions became less favourable for diffusion at higher solute 
concentrations as the diffusion coefficient decreased and viscosities increased. This 
correlated with the increased resistances in the support and boundary layers . 
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Water diffused across the active layer by osmosis .  The water diffused away from the 
active layer slowly, the rate being dependent on the diffusion coefficient of the solution 
in the concentration boundary layer adjacent. The concentration at the surface of the 
active layer was di luted, therefore, reducing the osmotic pressure driving force across 
the active layer and the water flux rate. In order to predict the water flux rate across the 
membrane, into the OA free-stream, the actual OA concentration at the active layer 
surface had to be determined . 

A mathematical model was developed which was based on solution-diffusion transport 
through the active layer, diffusion and porous flow through the support layer, and 
diffusion across the velocity boundary layer in the OA flow channel . The DOC system 
was successfu l ly model led when ful ly-developed laminar flow was assumed in the OA 
flow channel . The water flux rate across the membrane was calculated after determining 
the concentration gradients across the support layer and velocity boundary layer in the 
OA flow channel and the OA concentration at the active layer surface. The concentration 
and velocity boundary layers in the OA flow channel were assumed to be equal . 

For normal membrane orientation, the concentration gradient across the velocity 
boundary layer was determined using the fol lowing equation : 

(8 .78) 

where Yc was the solute concentration in  the OA free-stream, Yo the solute concentration 
at the interface between the velocity boundary layer and support layer, and Y\ the solute 
concentration at the surface of the active layer, between the active and support layers. 
The concentration gradient across the support layer was determined by the fol lowing 
equation : 

(8 . 1 5) 

Di Yt) is the effective diffusion coefficient in the support layer. The actual osmotic 
pressure driving force across the the active layer which determines the water flux rate 
was determined from the concentration at the surface of the active membrane layer 
facing the OA channel (Yt) .  The relationship between the actual osmotic pressure driving 
force (n( Yt )) and the water flux rate was assumed to be l inear and determined by the 
fol lowing equation : 
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(8. 1 ) 

The mathematical model was tested with experimental data for fructose and NaCI OAs, 
and with the two membrane orientations. For normal membrane orientation the 
mathematical model successfully predicted the experimental flux rates over the osmotic 
pressure range tested ( 1 . 5 to 30 MPa) for different OAs (fructose, NaCl) and at different 
temperatures ( 1 0, 20 and 40°C) (± 2 SFM). For the membranes reversed the model also 
successful ly predicted the experimental flux rates over the same osmotic pressure range 
for fructose as OA (± 3 SFM). For NaCI OA, with membranes reversed, theoretical flux 
rates did not agree with experimental flux rates at �1t > 1 5  MPa. 

The mathematical model was used to calculate the actual solute concentration at the 
active layer which determined the actual osmotic pressure driving force across the 
membrane. The theoretical ly calculated actual osmotic pressure differences were l inearly 
related to the experimental water flux rates . This  supports the assumption that the mass 
transfer across the active layer is by osmosis . 
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A I .  Derivation of equation to calcu late mem brane  arc length 

List of Nomenclatu re 

- length of membrane arc between two membrane support bars, m 
- arc radius, m 

w - width between two adjacent membrane support bars, width of OA flow 
channel, m 
- membrane deflection between two membrane support bars, m 
- angle of arc 

Derivation 

Deflection of membrane (Ll) from the central axis :  

A w 

Along the l ine OA: 

r = r cos ( �) + Ll cos ( �) 1 - � (A 1 . 1 ) 
r 

Also : 

e 
(;) (A l .2) 

S In -
2 r 

• 2 e + cos2 � ( I - � J + (;J (A \ . 3 )  S In  - => 
2 2 

Expand and simpl ify :  



.12 - 2r.1 

Solve for r: 

r 

therefore 

8 SIn -
2 

Now, arc length La = r 8, therefore 

L a 

w 

L u 
w 

This equation appl ies for .1 � w12 . 

.12 

= 

(;) 
r 

8 

2 

r8 

w 

+ W 2 
0 

4 

w 2 
+ 

4 
2.1 

Ll w  

.12 w 2 
+ 

4 

.1/w 

(Ll/W)2 + 1 /4 

. - I  
( 

.1/w ) SIn 
(Ll/wf + 1 /4 

2r 8 

w 2 

(�) 
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(A I .4) 

(A l .6) 

(A l . 7) 

(A 1 .8)  

(A l .9) 

(A I . I O) 

(A I . I I ) 

(A l . I 2) 
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A2. Mathematical modell ing of DOC as an  u nsteady state 

process 

List of Nomenclature 

A 

L 
mw 
mw(x,t) 
p 
Pn 
i\ 

Q 
Q(t) 

Q3 
Qn 
� 

1I 

u(x, t) 
v 

vex, t) 
V 

x 
X(x, t) 

- cross sectional area of flow, m2 
- membrane area, m2 
- avai lable membrane area per unit length of flow, m2 
- cross sectional area of flow in juice circuit, m2 
- average cross sectional area of flow in juice circuit, m2 
- cross sectional area of flow in the OA circuit, m2 
- average cross sectional area of flow in OA circuit, m2 
- membrane constant, kg m -2 s -1 Pa-1 
- avai lable membrane area per unit length of flow divided by the cross 
sectional flow area within the module 
- length of flow channel, m 
- water mass flux rate, kg m -2 S -1 
- water mass flux rate at pos ition x and at time t, kg m -2 S -1 
- pressure, Pa 
- volumetric flow rate in the juice circuit, m3 S -1 
- volumetric flow rate from juice circuit pump, m3 S -1 
- volumetric flow rate, m3 S - 1  
- volumetric  flow rate at time t, m3 S -1 
- volumetric flow rate from OA circuit pump, m3 S -1 
- volumetric flow rate in the OA circuit, m3 S - 1  
- length of  each flow section, juice circuit, m 
- length of each flow section, OA circuit, m 
- time, s 
- velocity in the juice circuit direction, m S -I 
- velocity in the juice circuit at position x and at time t, m S - I  
- velocity in the OA circuit direction, m S -I 
- velocity in the OA circuit at position x and at time t, m S -I 
- volume, m3 
- volume in OA reservoir tank, m3 
- horizontal distance paral lel  to the flow channel, m 
- solute mass fraction, in juice circuit, g (g solutionfl 
- solute mass fraction in juice circuit at position x and at time t, 
g (g solution) -I 



Y - solute mass fraction in OA circuit, g (g solutionfl 
Y(x,!) - solute mass fraction in OA circuit at position x and at time t, 

g (g solution) -I 

Greek symbols 

7t - osmotic pressure, MPa 

248 

njX) 
7tc(Y) 
p 

- osmotic pressure of solution in  juice circuit at concentration X, MPa 

p' 

Subscripts 
I 
2 
3 
a 
C 
F 
J 
n 
w 

- osmotic pressure of solution in OA circuit at concentration Y, MPa 
- fluid or solution density, kg m -3 
- derivative of density as a function of concentration 

- module section of OA or juice circuit 
- feed inlet section of juice circuit or OA reservoir section of OA circuit 
- pump section of juice circuit or pump section of OA circuit 
- OA reservoir 
- bulk OA free-stream solution, at flow channel entry 
- juice feed 
- juice circuit solution 
- section of the juice circuit, 1 ,2 or 3 
- water 

A2. 1 .  Derivation of mathematical model 

The DOC process was model led as an unsteady state process, over the entire unit, taking 
into account changes in concentration on both the juice and OA circuits over time. The 
driving force for mass transfer was assumed to be the concentration difference between 
the bulk juice and bulk OA streams. The mass flux was also assumed to be proportional 
to the driving force based on the fol lowing equation . 

(A2. I )  

This model describes the change in solute concentration in a small l aboratory scale 
module and the adjoining tub ing with respect to position and time. It models the 
transport of solvent through the membrane and then describes the changes in 
concentration and flow rate in both the juice and OA circuits relative to position and 
time in the two circuits. The change in concentration throughout the module and tubing 
can be determined at any point in time. 
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The contribution due to diffusion was neglected as being smal l .  The diffusion rate is 
much less than the advection rate therefore transport was assumed to be due purely to 
convection. The ratio between the diffusion distance and the distance travel led in the 
module was 1 04, therefore diffusion has l i ttle effect. Concentration changes, due to 
convection, at different positions up the DOC module and around the unit were 
determined. It was assumed the concentration of the solution in the juice circuit would 
change after one pass through the module. 

The equations proposed to describe the change in concentration throughout the module 
and tubing were derived from first principles based on flow through a uniform pipe. 
Calculations are based on mass flows. 

For flow in a tube of uniform cross-sectional area 'A' .  Assume uniform velocity u(x, t) 
in the x direction along the axis of the tube, fluid density is p(x, t) . During the time 
interval 111, the net increase in mass within the tube length &- is  balanced by the net in 
flow. 

PI + ru  - PI ::::: (pu)x + t.x  - (put 
!1t &-

l im !1t � 0 
&- � 0 

ap a 0 + _ (pu) at Ox 

Total mass flow 
Equation (A2 .4) can be written 

Dp 
Dt 

au + p- = 0 
Ox 

(A2 .2) 

(A2 .3 )  

(A2 .4) 

(A4 .S )  



where D a a - + lI _ 
Dt at ax 

Solute mass flow 

a a 0 -(pX) + _ (pXu) 
at ax 

or p DX + X (DP + P au ) 
= 0 

Dt Dt ax 

X - solute mass fraction (g (g solution) - I ) 

Using Equation (A2 . 5 )  and substituting into Equation (A2 .8), then 

DX 
Dt 

= 0 
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(A2.6) 

(A2 .7) 

(A2.8)  

(A2 .9) 

i .e . ,  relative to the frame of reference moving with the fluid, X does not change with 
time. 

If fluid density depends only on the solute concentration X, then p = p(X) and Equation 
(A2 . 5 )  becomes 

, DX p Dt 
au + p -ax 

o 

where p' = dp/dX and, using Equation (A2 .9) , 

au 
ax 

= 0 

Then II = u(!) and the volumetric flow rate 

Q = A u(!) = Q(t) 

(A2 . 1 0) 

(A2 . 1 l )  

(A2. 1 2) 

A flow diagram showing boundary points and direction of flow is presented in Figure 
A2 . I .  A di lute solution circulates in the juice circuit . As water is lost through the 
membrane (between positions 0 to R1 ), the volume of water lost is replaced by di lute 
feed, with concentration XF, at R

2
. Hence, solute accumulates in the juice circuit and 

steady state is never reached, i .e .  there is always an osmotic pressure driving force acros 
the membrane. If steady state is reached no loss of water occurs therefore no 
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Figure A2. 1 .  Flow diagram of DOC unit used for unsteady state modelling 

An - cross sectional area of flow in juice circuit, m2 

Bn - cross sectional area of flow in OA circuit, m2 

Pn - volumetric flow rate in  juice circuit, m3 S -1 
Qn - volumetric flow rate in OA circuit, m3 S - 1 

R" - length of each flow section in juice circuit, m 

Sn - length of each flow section in  OA circuit, m 
Xn - solute mass fraction in juice circuit 

Yn - OA solute mass fraction in OA circuit 

Va - volume of OA in OA reservoir, m3 
mw - water mass flow rate per unit area of membrane, m2 
n - section of DOC unit, 1 ,2 and 3 
x - position on the x axis 

- time, s 
- in module 

2 - between module and juice feed inlet or between module and OA reservoir 
3 - between feed inlet and module, including pump or between OA reservoir  and 

module, including pump .  



J U i c e  c i rc u i t  OA c i r c u i t  ( c o n c e n t ra t i n g )  
1 - --

l R3 S3r - .. I 
I I 

I I 
P3 (t) 

03 (t) X3 (x, t) 
A 3 Y3 (x, t)  

83 
PF (t) R2 XF S2 A F: 

Feed 
Va ( t) P 2 ( t ) 

X2 (X, t )  Yo (t) X 

I OA 

r 
A 2 O2 t 

Y2 (X, t) 
R, 82 

DOC 
m o d u l e  

P, (x , t) 0, (x, t) 
X, (x, t) Y, (x , t) 
A, - 8, 

mw (x , t) 
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I 

--- - �  o 
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concentration takes place. In  the OA circuit, the OA flows past the membrane taking up 
the water and then returns to the OA reservoir, which is kept wel l m ixed. The OA is 
continuously pumped from the reservoir and through the DOC module. 

Initially, at t ime zero, the juice circuit is at concentration XF (di lute juice concentration) 
and the OA circuit is at concentration fa. There is no mass transfer of water (m . ..,) 
occurring across the membrane unti l to + Ilt. The model fol lows the process unti l the 
control led stop point is met, such as, there is no more feed solution or when the 
concentration d ifference is so smal l that it becomes no longer practical to run the unit. 
The DOC process has been model led for a batch process. 

Assumptions which were made when developing the model for the direct osmotic 
concentration unit : 

I .  The driving force for mass flux of water across the membrane can be assumed 
to be provided by the osmotic pressure difference between the bulk juice and OA 
circuits .  

2 .  There is n o  solute transport across the membrane. 
3 .  Solute accumulates i n  the juice circuit and steady state i s  never attained .  
4 .  Rigid wal led uniform tubes are used. 
5 .  Area of flow in  the tubes i s  constant and cross-sectional area o f  flow does not 

change with time. 
6. Thermal affects are ignored. 
7 .  The hydraul ic pressures on the juice side and inside the module are constant, not 

dependent on position and time i .e .  pjx, t) � PJ and Pe(x, t) � Pc. 
8 .  Hydraul ic pressure differences between the juice side and the OA side are smal l 

i .e .  (Pi - pd is smal l .  
9 .  A J(x, t) and BJ(x, t) are representative of  membrane area in the module .  AJ(x, t) and 

BJ (x, t) are independent of position and time. The membrane area inside the 
module remains constant. 

1 0 . Concentration polarisation or boundary layer affects are ignored. Also transport 
resistances in porous support and boundary layers are ignored . 

I 1 .  Flow of OA is model led flowing co-current to juice flow inside module. 

Subscripts C - represents concentrating circuit contain ing the OA 
J - represents the juice circuit contain ing the di lute solution 
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A2.2. Mass balances over DOC unit 

In the ju ice ci rcuit, p = pjX(x, t» where X(x, t) = mass fraction of solute at position x 

and at time t. 

• in the module 
X = XI (x, t), U = uI (x, t) 

-

Q = A l uI (x, t) = PI (x, /) 
where 

Q - flow rate in circuit, m3 S -I 
Pn - flow rate in juice circuit, m3 S -I 

Qn - flow rate in OA circuit, m3 S -I 

An - average cross sectional area of flow in juice circuit, m2 
U - velocity in juice circuit, m S -I 

v - velocity in OA ci rcuit, m S -I 

n - section I ,  2, or 3 .  
• i n  outlet section :  
X = Xix, t), U = u2(x, t) 
Q = A2 uit) = Pit) 
• in juice feed :  
X =  XF, U = u,,(t) 
Q = AF u,,(t) = P ,,(t) 
• in pump section :  
X = Xlx, t), u = ui/) [ =  V(/)] 
Q = A3 u3(t) [= A3 V(t)] = 1\(1) 

In the OA ci rcuit, p = pcCY(x, /» , where Y(x, t) = mass fraction of OA solute at position 
x and at time I, 
• in the module :  
X = YI(X, /), u = VI (X, /) 

Q = BI uI (x, /) = QI(X, t) 
• in outlet section : 
X = Yix, I), 11 = viI) 
Q = B2 "ix, /) = Q2(/) 
• in the OA reservoir 
X = Ya(/) 
V = Va(t) where VaC/) = volume of OA 

• in pump section :  
X = Y3(x, I), U = V3(/) [= V(/)] 



Q = B3 U3(1) [= Bi'(l)] = Qil) 
( � values are determined by pump rates . )  

A2.3. Flow i n  the DOC module 

Flow in the module is described as : 

( pA Ax), + AI - ( pA Ax), :::I ( p uA) ... At - ( p uA)  ... + fu M  '+ m",CJ,t)A .. AxAt 
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(A2 . I 3 ) 

where mw(x, t) is the mass flow rate of water across the membrane per unit area of 
membrane and Am is the avai lable membrane area per unit length of the flow; (-) s ign 
on juice s ide, (+) sign on the OA side. 

-7- A Llx III and lim M --) 0 
Llx --) 0 

ap a Kmmjx,l) + _ (pU) = =F 
at Ox 

(A2 . 1 4) 

where 

K 
AmL (A2 . 1 5) m 
A 

Km is the available membrane area per unit length of flow divided by the cross-sectional 
flow area within  the module, which is assumed to be constant. S ince the flow areas on 
each side of the membrane are different, Km wil l  have a different value on each side. 

On the juice side 

K m (A2 . 1 6) 

On the OA side 

K m (A2 . I 7) 



Total mass flow: 

ap 
at 

a + _ (pu) 
Ox 

=F K m m w 

or Dp 
Dt 

au + p -Ox 
=F K m m w 

256 

(A2 . I 8) 

(A2 . I 9) 

Solute mass flow: there is no solute flow across the membrane, Equations (A2.7) and 
(A2 .8)  presented earl ier 

a a 
- (pX) + - (pXu) 0 
at Ox 

or p - + X - + p _  - 0 DX (DP au ) _ 
Dt Dt Ox 

Using Equation (A2 . 1 9) in  Equation (A2 .8 ) :  

DX p - = =F K X m 
Dt m w 

If P = p(X), then Equation (A2 .8 )  becomes 

or 

Using Equation (A2 .20) : 

011 = 
Km ( 1 - =F -Ox P 

So in the module, X and u satisfy Equations (A2 .20) and (A2 .23)  

DX 
Dt 

A 
± -.:::!:.. X m 

pA w 

where Q = u A, AmL = Km A 

(A2 .20) 

(A2.2 1 )  

(A2.22) 

(A2.23) 

(A2 .24) 



aQ 
ax 
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(A2 .25) 

An empirical equation based on the solution-diffusion model for solvent flow across a 
reverse osmosis membrane (Lonsdale, 1 972; Rautenbach and Albrecht, 1 989; Cheryan 
and Nichols, 1 992), is used initial ly to describe the mass transfer through the membrane. 

(A2 .26) 

In the module the juice changes concentration as it moves up the module and with time. 
The concentration change is due to the loss of water across the membrane dependent on 
the osmotic pressure difference between the juice and the osmotic agent. The rate of 
water loss across the membrane is described by Equation (A2 .26). 

The governing equations derived for the DOC process are as fol lows, they have been 
written in terms of X, Y, P and Q. 

Juice circuit 
The change in concentration and flow rate of the di lute solution in the juice circuit, with 
respect to position and time is described by the fol lowing equations 
• in the module 

aXI PI aXI - + - --
at A. ax I 

• in outlet section 

aX2 P2 aX2 
- + - -

at A2 ax 

(A2 .27) 

(A2.28) 

for 0 < x < R\ 

o (A2 .29) 
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• in pump section 

ax) p) ax) - +- - o (A2.30) 
at A) Ox 

Osmotic agent (OA) circuit 
For the OA circuit the equations for the change in concentration and flow rate of 
concentrating agent in the OA circuit, with respect to position and time is described by 
the fol lowing equations 
• in the module 

ay) Q) ay) - +- -
at l5. Ox ) 

(A2. 3 1 )  

aQ) A [ I +Y P�Y') ]m (A2 .32) mLc 
Ox Pe(Y1) 

I 
Pe(Y1 ) W 

for 0 < x < RI 
• in outlet section 

aY2 Q2 aY2 0 (A2 . 3 3 )  - +- -
at B2 Ox 

for RI < x < S2 
• in pump section 

oY) Q) oY) 
0 (A2 .34) - +- -

at B) ax 

for S2 < x < S3 
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OA reservoir 
The OA in the reservoir is assumed to be wel l  mixed. The concentration and the volume 
of the OA is dependent on time only 
Total mass flow: 

� [Pe (Y (t)) V (t)] cit a a 

Solute mass flow: 

Equation (A2 . 3 5 )  becomes 

ciY dV 
p� (Y (t)) V (t) _a + Pe(Y (t)) _a 

a a cit a cit 

Equation (A2 . 36) becomes 

ciY ciV 
[ Pe (Y  (t)) + p� (Y (t)) Y (t) ] V (t) _a + Pe(Y  (t)) Y (t) _a a a a a cit a a cit 

(A2 .35 )  

(A2 .36) 

(A2 .37)  

(A2 .38)  

Now if Equation (A2 . 37) is multipl ied by Ya(t) and subtracted from Equation (A2.3 8), 
this results in, 

(A2.39) 

Substituting Equation (A2 .39) into Equation (A2 .38)  gives 

ci V  { p�(Y (t)) 1 Pe(Y (t)) -" = Pe(Y,(SZ, l)) Q2(t) 1 - a [Y2(S2,t) -Y (t)] - Pe( Y (t)) Q3(t) a cit - Pe( Ya(t)) 
a a 

(A2.40) 
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Across membrane module 

(A2.4 I )  

Al.4. Bounda ry conditions 

The fol lowing boundary conditions are written in terms of continuity of total mass and 
solute mass flow. 

For the juice circuit 
at x = 0 
total mass flow: 

solute mass flow: 

at x = Rt 
total mass flow: 

solute mass flow: 

Pit) 

p)Xt(O, t» u t(O,t)A"; 

p)Xt(O,t» ut (O, t)A"; Xt(o,t) 

(A2 .42) 

(A2.43) 

(A2.44) 

(A2.4S)  

(A2 .46) 

(A2.47) 

(A2 .48) 

(A2 .49) 



at x = R2 
total mass flow: 

solute mass flow: 

X/o,t) 

and 

P jX2,t)PzCt)X(�,t) + p jXF) P  At)XF 
p jX2,t)pzCt) + p jXF)P At) 

P jX2,t)PzCt) + p jXF)p At) 
pjX(O,t» 

rearranging Equation (A2 . 50) 

Substitute for pjXF)PP{t) in Equation (A2 . 50) 
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(A2 .50) 

(A2 . 5 1 )  

(A2 . 52) 

(A2 .53 )  

(A2 . 54) 

p jX2(Rz, t» PzCt) XzCR2, t) + p jX3(O,t» P3(t)XF - p jXz<�,t» PZ<t)XF 
p jX/O,t» P3(t) 

X/o,t) 

p jX3(O,t» P3(t) - p jXzCR2,t» P2(t) 
pjXF) 

(A2 .55)  

(A2 .56) 

(A2 . S7) 



For OA circuit: 
at x = ° 
total mass flow: 

solute mass flow: 

at x = RI 
total mass flow: 

solute mass flow: 

YlO,t) 

A2.S. Solution of equations fo r unsteady state DOC m odel 
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(A2 . 58) 

(A2 .59) 

(A2.60) 

(A2.6 1 )  

(A2 .62) 

(A2 .63)  

(A2.64) 

(A2 .65)  

(A2 .66) 

These equations have been solved by numerical analysis, the fol lowing variables were 
solved for with respect to position and time 
XI(x, t), PI (x, t), X2(x, t), Xix, t), YI (x, t), QI(X, t), Ylx, t), Yix, t), mw(x, t) 
The fol lowing variables were solved with respect to time only 
P2(t), J>�t), Q2(t), �a(t), Ya(t) 
Functions for density (p) and osmotic pressure (n) were determined for each solute in  
aqueous solution from publ ished or  experimental ly determined data [Chapter 4] .  
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pjX), pj'(X), Pe( Y), Pe' (Y), njX), ncCy) 

The value for the membrane constant C used to solve the model was determined from 
the experimental data. For fructose, C = 1 .4 x 1 0 -9 kg m -2 s -, Pa -I . A computer program 
written in Turbo Pascal language solves the above equations by numerical analysis .  A 
presentation of the results obtained from the program is shown in F igure A2.2 .  
XF = 0. 1 g (g solutionf' , Ya = 0.7 g (g solutionf', Va = 0.0 1 m3, 
P = 4 x 1 0 -5 m3 s -' Q = 7 X 1 0 -6 m3 s -' C = 1 4  X 1 0 -9 kg s -' m -2 Pa-' 

3 , 3 , . 

For a batch process, the graphs in F igure A2.2 .  show that based on the input values, 
eventual ly the solute concentrations and the osmotic pressures in the juice and OA 
circuits equi l ibrate to a constant value. This was when no further transfer of water takes 
place as there was no driving force for mass transfer. At this same point in time, the 
mass flux of water across the membrane and the flow of dilute feed into the juice circuit 
stops. The volumetric flow rate in the juice circuit, in the module section, was initial ly 
lower than the flow rate out of the pump due to the loss of water through the membrane 
and conversely for the OA circuit it was higher than in the pump section. 

From the program, data can be obtained on the concentration at any point (x) along the 
juice or OA circuits. This data is not presented. 

The unsteady state model can be used to estimate the changes in solute concentration 
at any time during the concentration process . The model is for a batch process if al lowed 
to continue for a set time period . The assumption that the mass flux rate of water across 
the membrane can be estimated by the osmotic pressure difference between the bulk 
juice and OA circuits leads to an over-estimation of the mass flux rate over time. The 
membrane was not homogeneous as originally assumed and concentration boundary 
layers were present providing resistance to mass transfer. Therefore the model for DOC 
was modified to incorporate the resistances to the flux of water, present in the membrane 
and the flow channels . The actual osmotic pressure driving force on the two sides 
adjacent to the active membrane layer were calculated to determine the actual flux rate 
across the membrane. The assumption that the concentration of the solution in the juice 
circuit would change after one pass was also tested . 

Rautenbach and Albrecht ( 1 989) discussed the use of iterative numerical methods to 
solve for changes in solute concentration and flux rate along the length of a tubular 
membrane. 
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Figure A2.2. Unsteady state modell ing results for DOC module 

Results obtained from a Pascal program written to solve the equations for an unsteady 
state process during concentration of a di lute solution by DOC . 

XF = 0. 1 0  
Y,,(O) = 0.70 
Va(O) = 0.0 1 m3 
P3 = 4 .0 x 1 0 -5 m3 S - I 

Q3 = 7 .0 x 1 0 -6 m3 S - I 
dt = 1 seconds 
t(final) = 1 0  hours 
C = 1 .4 x 1 0 -9 kg m -2 S - I  Pa-I 

- solute mass fractions in juice and OA circuits at in let to DOC 
module at position 0 

Va(t) - volume of OA in OA reservoir 
PI [M 1 ,n], QI [M 1 ,n] - volumetric flow rates exiting the module at position Rl 

PAn] - volumetric flow rate of dilute feed into the juice circuit at 
position R2 

mw[O,n] - mass flux rate of water across the membrane at position O. 

(a) Solute concentration (mass fraction) versus time 
(b) Volume in OA reservoir versus time. 
(c) Volumetric flow rate in juice and OA circuits versus time 
(d) Volumetric flow rate of di lute feed into juice circuit 
(e) Mass flux rate of water across the membrane versus t ime 
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A3. Mathematical 

boundary layer 

model derived for 
. 

growing velocity 

List of Nomenclature 

c 

Dfw 

F(Y) 

u 
u 
v 

x 

x 

y 

y 
Y 

Greek symbols 
a 
8 
8 (x) 
� 
�(Y) 
n 

n(Y) 
p 
p( Y)  

Subscripts 
o 

c 

- membrane constant, kg m -2 s -I Pa-I 
- binary diffusion coefficient of water in an aqueous fructose solution, 
m2 S -I 
- binary diffusion coefficient of fructose in an aqueous fructose solution, 
m2 S -I 
- integral function of Y 
- water mass flux rate, kg m -2 S -I 
- water mass  flux rate at position x, kg m -2 S -I 
- velocity in the x direction, m S -I 
- bulk free-stream velocity in x direction, m S -I 
- velocity in the y direction, m S -I 
- horizontal distance paral lel to the membrane, m 
- coordinate 
- distance perpendicular to the membrane (across membrane or away 
from the membrane), m 
- coordinate 
- solute mass fraction, solute mass fraction in OA circui t, g (g solutionfl 

- power term for velocity profile equation 
- velocity boundary layer thickness, m 
- velocity boundary layer thickness as a function of x, m 
- fluid or solution viscosi ty, kg m -I S -I 
- viscosity of solution at concentration Y, kg m -I S -I 
- osmotic pressure, MPa 
- osmotic pressure of solution at concentration Y, MPa 
- fluid or solution density, kg m -3 

- density of solution at concentration Y, kg m -3 

- pOSitIOn at the interface between the membrane and the velocity 
boundary layer 
- bulk OA free-stream solution 
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f - fructose 
w - water 

Derivation 

This derivation was for a membrane orientated for normal operation . By solving the 
equations that express the conservation of mass and momentum in the boundary layer, 
it is possible to predict the boundary layer flow field for a two-dimensional case. The 
derivation of this model is described here. A schematic diagram of a growing boundary 
layer was shown in Figure 2 .2(b) [Section 2 .7] .  

Conservation of mass 
Mass is conserved at any point In the boundary layer flow field, velocity u. The 
equation of conservation of mass for a fluid of density p is 

This equation can be written as 

where, for 1 dimensional flow, 

ap + V . (p U)  = 0 
at 

Dp + p V  . U 
Dt 

o 

D 
Dt 

a a + u -
at ax 

(A3 . I )  

(A3 .2) 

(A3 . 3 )  

For steady incompressible two-dimensional flow, il = (u, v, 0)  in (x, y, z) directions, 
where u = u(XJl), v = v(XJl). Incompressibil ity is expressed by 

Dp 
= 0 � ap u _  + v ap 0 

Dt ax ay 
Where p = p( Y).  From Equation (A3 .2), 

V . ii 0 au av 0 = � + -
ax ay 

Steady flow means ap/at = 0, and from Equation (A3 . i ), 

V . (p U) = 0 � (p u) + � (p v) = 0 
ax ay 

(A3 .4) 

(A3 .5)  

(A3 .6) 

For conservation of momentum, using Navier-Stokes equation for steady lam inar flow 
in the x-direction, with constant pressure in the free stream outside the boundary layer: 

au au a au p (u - + v _) = -(� -) 

where � = �(Y) .  Now, using Equ�on (A� 5), ay ay 
(A3 .7) 



Ou a au u _ = _ (u 2) - 11 _ 
ax ax ax 

Substituting into Equation (A3 .7) gives 

av + u _ 
ay 

p [ ! (u 2) + � (uv) 1 = � (� : ) 
! (u 2) + � (uv) = � � (� : ) 
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(A3 .8) 

(A3 .9) 

(A3 . l O) 

The boundary layer thickness at any point along the x axis is 6(x) . Integrating the above 
equation foll(x) dy 

- (u )dy + uVb = 
- - �-l il a 2 [ 1" 1 Il I a ( Our o ax 0 p ay  ay 

( Il � (U 2)dy + U v(x,6 ) = ( Il � �(� Ou lnu 
Jo ax Jo p ay ay r.r 

(A3 . 1 1 ) 

(A3 . 1 2) 

where U = u(x, 6) is the free-stream flow velocity [Figure 2 .2(b)] and u(x, 0) = 0 . 

• Simi lar integration of Equation (A3 . S )  gives 

or 

But 

where Yo = Yo(x), 

( Il Ou dy + [v1 Jo ax 
° 

( Il Ou dy + v(x,6 ) _ v(x,O) = ° Jo ax 

v(x,O) 

v(x,6 ) 

m..,(x) 
p(x,O) 

Substituting this equation into Equation (A3 . 1 2) gives 

au dy ax 

( O � (U 2)dY + U [mW(x) 
_ ( 0 Ou dy] _ ( 0 1 a (  Ou lm, 

Jo ax p(Yo) Jo ax - Jo p ay � ayT)' 
or 

(A3 . 1 3 ) 

(A3 . 1 4) 

(A3 . I S) 

(A3 . 1 6) 

(A3 . l 7) 



- (u )dy - U - dy = - U -- + - - � -

1 8  C 2 1 8  au mJx) 1 8  I a ( au� 
o ax 0 ax p( Yo) 0 p ay ay 
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(A3 . I 8) 

where U is constant to a good approx imation (free-stream flow velocity). The LHS of 
Equation (A3 . 1 8) is 

1 8 � [ u  2 - Uu ] dy = - � 1 8 u( U - u )dy o ax dx 0 

since u(x,O) = ° and u(x, 8) = U. So (A3 . I S) becomes 

d I S - u (U - u)dy = 

dx o 
To solve for 8, the velocity profi le was assumed to have a parabol ic  shape, 

For a more general ised flow profile with a power term = a 

Now 

fo8 u (U - u )dy 

u = 

[ 8 ( )0. + 1 8 ( )2C1. + 1 I U2 - 1 - � + 1 - � 
a + 1 8 2a + 1 8 

a 
(a + 1 ) (2a + I )  

(A3 . I 9) 

(A3 .20) 

(A3 .2 1 )  

(A3 .22) 

(A3 .23) 

The integral on the RHS of Equation (A3 . 1 9) takes into account the changing properties 
of the solutions (viscosity � and density p), which change with concentration (Y).  To 
evaluate this integral some relationships between mass flux and concentrations wil l  be 
defined. F irstly, 

(A3 .24) 

Variations of properties within the boundary layer are small in  the x-direction compared 
with variation in the y-direction . The mass flux of water in the y-direction is given by 
the sum of an advected term due to the net mass flux away from the membrane and a 
diffused flux (given by F ick's law) : 



Simi larly the fructose mass flux perpendicular to the membrane 

oY mjx) = Yp(Y) v  - p(y)D/w(Y) Oy 
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But mjx) = 0 since there was assumed no solute transfer across the membrane. 
Therefore, 

and substitution into the expression for water mass flux gives 

m (x) = p(Y) 
D/w(Y) oY 

w Y Oy (A3 .2S) 

Dfw(Y) is  the diffusion coefficient of fructose in  an aqueous solution of concentration Y. 
Now, mw is a function of x only, and so, writing 

mJx) 

and, using the calculus theorem 

mJx) 

then, integrating with respect to y, 

r Y p(y)D/w(Y) dY = mJx)y + B(x) J o Y 

(A3 .26) 

(A3 .27) 

(A3 .28) 

where B is a function of x only. Using boundary conditions at the bottom and top of the 
boundary layer: 

(A3 .29) 

(A3 .30) 

subtraction gives 
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(A3 . 3 1 )  

Substitute Equations (A3 .29) and (A3 .3 1 )  for B(x) and mw(x) into (A3 .28)  and rearrange: 

(0 Y p(y)D/w(Y) elY 
= 

-.L ( Yc p(y)D/w(Y) elY + ( Yo(x) p(y) D/w(Y) elY 
Jc Y 8 (x) Jyo(x) Y Jo Y 

to give: 

y 
8 (x) 

where F(Y) = ( Y p(y) D/w(Y) elY 
Jyo(X) y 

(A3 .32) 

(A3 .33 )  

(A3 .34) 
So now, from Equation (A3 . 2 1 )  and using Equation (A3 . 34), 8 = 8(x), 

au 
By 

(A3 . 35 )  

(A3 . 36) 

Now, taking the integral on the RHS of Equation (A3 . 1 9), using in tegration by parts and 
where p = p(Y), 

s: � � (� :)dy 
= [ � � : r + s: � : �2 : dy (A3 . 37) 

substitution from (A3 . 35 )  gives, 

/l (Yo) Va -- --
p (Yo) 8 

Now 

I /; au 1 op + /l - - --
dy o By p2 Oy (A3 .39) 



P p(Y) => 3p 
ay 
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dp 3Y - -
dY ay 

(0 0 (Y) Ua ( 1 _ F(Y) j<X - 1 1 dp 3Y dy 
J( !l 8 F(Yc) [p(Y)f dY ay 

(A3 .40) 

= Ua ( Ye !l(Y) ( 1 _ F(Y) j<X - I dp dY (A3 .4 I )  
8 Jy. [p(Y)y F(Yc) dY 

SInce Y = Yo at y = 0, Y = Yc at y = 8(x) and the integrand is defined in terms of Y. 
Taking the original Equation (A3 . I 9) and substituting in Equations (A3 .23) ,  (A3 .39) and 
(A3 .4 I )  gives 

�[ U2a 
8 (X) ] = U 

m)x) 
dx (a + I ) (2a + 1 )  p(Yo) 

Ua !l(Yo) + -- --
8 (x) p(Yo) 

Ua ( Y e !l(Y) ( I _ F(Y) j<X - I dP dY 
8 (x) Jy.(x) [p(Y)F F(Yc) dY 

But, from Equation (A3 .3 I ), 

So Equation (A3 .42) becomes, 

!! [ a. u2 
6 (X)] = � F(Yc) + Ua. �(YO> 

dx (a. + 
1) (2a. 

+ 
1) 6 (x) p(YO> 6 (x) p(YO> 

Multiply Equation (A3 .44) by 

and using the chain rule 

_ Ua. yc �(Y) 1 _ 
F(Y) dp dY 

( )" - 1 

6(x) fyo(,%) [p(Y)J2 F(Yc) dY 

2( a + 1 )(2a + 1 )  8 

U2a 

(A3 .42) 

(A3 .43) 

(A3 .44) 

26 � 6  2(11 + l)(2m + 1) [ F(Yc) + III'(Y� _ mf re 1'(1') ( 1 _ F(Y» )& - 1 dp dYj 
dx II U p(Y� p(Y� r#) [p(Y)]2 F(YJ dY 

(A3 .4S) 



Now, the membrane water flux is given by 

and as 

then 

So 

y -
c 

;:: 
1 r Yc p(y)D/w(Y) dY 

6 (x) JYlr) Y 

mw(x) ;:: Cn(Y1) 

C6 (x) n(Y) 
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(A3 .46) 

(A3 .47) 

(A3 .48) 

(A3 .49) 

(A3 .50) 

The boundary layer thickness can be determined using the differential Equation (A3 .46) 

and the concentration Yo at the interface between the support layer and the boundary 

layer can be determined with Equation (A3 .50). The constant value of Dfw(Y) over the 

boundary layer was assumed to be an average value given by Dfw(Y) = O.5(Dfw(Yo) + 
Dfw(Yc». The water flux rate through the membrane was calculated by integrating along 

the length of the membrane determining at each segment (dx) (along the x direction) the 

boundary layer thickness [6(x)] and the concentration Yo, therefore solving Equation 

(A3 .48). 

This model was found to over estimate the thickness of the boundary layer and therefore 

resulted in lower mass flux rates than determined experimentally. 
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A4. Pascal program to solve DOC mathematical m odel 

Program solves the DOC mathematical model to determine the mass flux rate of water 
across the membrane and the concentration profiles across the support layer and the 
ful ly-developed boundary layer. 

Procedure Calculation 1 

Procedure Calculation2 

Procedure Calculation3 

- solves for the case with active layer facing the OA 
circuit, support layer facing the juice circuit and velocity 
boundary layer present in OA flow channel (Case 3 )  
- solves for the case with active layer facing the juice 
circuit, support layer facing the OA circuit and velocity 
boundary layer present in OA flow channel (Case 1 ) . 
- solves for the case with active layer facing the juice 
circuit, support layer facing the OA circuit but with no 
boundary layer in the OA flow channel (Case 2) 

Program written using Turbo Pascal 7 (Borland International, California, USA) 



? :- 01 =- J.m E: F FECT F l  Output l .. 

. 5 8 5  
- r �. : 

· �2 .Ja n u a r y  1 9 9 1 ! 
,' Ma r i e  �ong l 
i · · Ta kes l n t o  a C C Qunt poros i t y ,  t o r uos i t y ,  ie e f fect ive d i f fu s i on coe f f i c i en t · ·  I I ·  " Ta kes i n t o  d c count dens i t y  of s o l u t i on and movement in z -d i rec t i on * · )  I Mode l a s s umes f u l l y  devel oped f l ow d c r os s  c h a n ne l ,  l am i na r f l ow )  , P r oq r d m  ca l c u l a t e s  t ot a l  m a s s  f l ux t a k in g  i n t o  a c count ) I d c t � 'J� l a yer , support l a y e r  and bound a r y  l a y e r s  on t he OA s i de ) 
- wi t ho u t  and w i t h  support l a ye r ,  w i t h  and w i t hout fu l l y  dev e l oped bound a r y l a yer ) 
, w l t h  �oncen t r d t i on p r o f i l es l 

, . . .  IMPORTANT TH I S  VERSION ONLY FOR FRUCTOSE AT 2 0 C " ' }  

':'onst 

C 
w I  
w2 
w3 
t: c l  
,: c 2  c c 3  Am 
denw 
ds h U 
do 1 red 
MWf MWw 
Dwo muo 
p h i  
t a u  

1 . 4 e - 9 ; 0 . 1 5 4 5 ;  
0 . 0 3 0 1 ;  
0 . 0 1 62 6 ;  
0 . 0 3 9 1 6 ;  
2 . 0 ;  
1 7 . 0 ; 
2 . 0 ; 
0 . 0 6 4 ; 
9 9 8 . 2 ;  
0 . 0 0 0 1 5 ;  
0 . 0 1 6 8 ;  
0 . 0 3 ; 
0 . 0 2 3 ;  
1 8 0 . 1 6 ;  
1 8 . 0 ;  5 . 9 7 e - I O ;  
0 . 0 0 1 0 0 2 ;  
0 . 5 ;  
1 . 2  

( memb r a n e  con s t a n t , kg/m" 2 1  5 1  P a ) 
( l ength of e a c h  c h a nn e l ) 
i eq u i v a lent c h a n n e l  w i d t h s  in sect ion 1 , 3 ,  s i de 1 )  
{ equ i v a l ent c h a n n e l  w i d t hs i n  sect i on 2 1  
{ eq u i v a l ent c h a n n e l  widths i n  sec i on 1 & 3 ,  s ide 2 )  

{ number o f  c h a n n e l s  i n  sec t i on 2 t ot a l  two s ides ) 

{ m� 2 ,  t ot a l  memb r a n e  a r e a ) 

{ 1 5 0  m i c rons , t h i ckness of support l a ye r l  
( he i g h t  f rom memb r a ne t o  s o l id O A  wa l l )  
{ ve l oc i t y ,  m/ s )  
( reduc t i on f a c t or f o r  I I  
{ mo l ec u l a r  we i g h t  o f  f r u c t ose ) 
{ mo l e c u l a r  we i ght of wa t e r l 
( m � 2 I s ,  Do at i n f in i t e  d i l ut i on for f r uc t ose at 2 0 C I  
( kg/mI s ,  v i scos i t y  of wat e  a t  2 0 C )  
{ poros i t y ,  =- eps i lon i n  equa t i ons ) 
{ t or t uos i t y ,  v a l ue f r om beaudry approx equ a l  to ds � 5 0 0 1  

Type 
Osmot ic D a t. a  Record 

a f ac 1 .  
a fa c 2 ,  
1 ,  
U ,  Ye,  
P i Y c ,  
P i Y O , 
P i  Y l  
m f  
Q 
YO Yl 

Extended; 
I n t eg e r ; 
a rr a y ( 0  . .  2 5 j  of Extended; 
a r ra y I O  . .  2 5 )  o f  Extended; 
a r r a y ( O  . .  2 5 J  o f  Extended; 
a r ra y l O  . .  2 5 )  o f  Extended: 

End ; 

V a r  
BDa t a  : Osmot i c

_
D a t a ;  

F u nc t i on Power ( X , N  : Ex t e nded ) : Extended; 
v a r  

Res u l t  Extended; 
: I nt e ge r ; 
: Lon g l n t ;  

Beg i n  
I f  ( N = O } t hen 

PCl'Wer : = 1 
E l se 

End ; 

I f  ( X = O }  t h e n  
Power : =  0 

E l se 
Begin rf ( F ra c ( N )  =- 0)  t hen 

Beg i n  Y : =  T ru n c ( N ) ; I f  ( Y > O )  t hen 
B e g i n  

Res u l t  : =  1 . 0 ;  
F o r  i : =  1 t o  Y Do 

Res u l t  ; = X · Resu l t ;  
Powe r Res u l t :  End E l s 4? 

B e g i n  i N  i s  a neg a t ive i ntega r )  
Res u I t : =- 1 .  0 ; 
For i ; = - 1  downt o  Y Do 

Res u l t  : =  1 /  ( X ·  Res u l t ) : 
Power Resu l t ; End : 

End 
E l s �  
Beg i n  

i N  i s  a f r a c t iona l numbe r ) i f  X > O  t hen 
Beq i n  

End 

Res u l t  : =  exp ( N · l n { X } } ;  
P owe r Res u l t ;  

E l se 
Beg i n  

Wr i t e l n ( ' X i s  a neg a t ive number c a nnot comput e ' ) ;  
ha l t  ( I }  ; 

End ; 
End ; 

End; 
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F�n� : : �n �o l e f  : v a r  Y : Ext �nded ) 
'/d r 

Extended; { mo l e  [ r de l on l  

R�.s u l  t .  A : Extended: 
ou9 1 n  ,\ : = 0(, 1 0 0 ;  

Res u l t  : �  ( N MW f ) / « N MWf ) ' « 1 0 0 -A) / HWW) ) ;  
Mo l e f  : =  Res u l t :  

End; 

Funct Ion Dens i t y  ( Y  
v o <  

Res u l t : Extended; 
Beql..n 

Extended) Extended; 

Re. u l t  : =  9 9 8 . 2  .y' D 8 3 . 0 n 5 8 . 0 ' Y ) ; ( kq/m3 ) 
Dens l t y : - Resu l t :  

End; 

Funct. i on V i scos i t y  ( Y  Vdr 
Res u l t  : Extended: 

Beg i n  

Extended) Extended: 

Res u l t  : =  ( exp ( 2 6 . 8 ' Mo le f ( Y ) ) ) ' muo; 
Vi scos i t y  : =  Resu l t ;  ( kg/m/ s ) 

End; 

F u n c t i on P i  IY : Extended) 'J d r  
Res u l t ,  
� : Extended: 

Beg I n  5 : =  Y '  ( 2 . 8 5 . 5 . Z 3 ' Y ) ; 

Extended: 

Res u l t : =  ( S ' ( 4 3 . 6 ' S ' 1 2 . 1 3 ' 0 . 5 9 5 ' S ) ) ) ' l e 5 ;  ( P a )  
P I  ; =  Res u l t ;  

End; 

F u nc t i on � ( va r  Y : Extended) 
v a r  

Extended: 

Res u l t  : Extended; 
Begin 

Resu l t  Dwo/ ( exp ( 1 3 . 0 ' Mo l e f ( Y ) ) ) ;  [)...t : "'" R e s u l  t ;  
End ; 

Procedure Ca l c u l a t i on l  ( v a r  8 l 0a t a  

V d r  Ye, 
Y 1 , 
Y l m i n ,  
Y l m a x ,  Y ,  q l ,  
q l 1 ,  
q 1 2 ,  
q 1 3 ,  
mw ,  
guess , P i Y l ,  pw, MY 1 ,  
HYc . 
sma l l y ,  
s t e p ,  
b r a -: ket 1 .  
r hoY t ,  
DwY1 
m, 
n ,  
p ,  
a f  
Ex i t l oop 

Beq l n  
Wr i t e l n ( '  m 

Ext ended ; 

I ntege r ;  
Bool e a n ;  

Text ; 

Ye 

B l Oa t a . m f  2 0 ;  
B I Da t a .  I : = O . J 4 6 a l re d ;  
m 1 ; 

Y O  P i  l Y e )  P i  ( Y O )  ( kq/m" Z I . )  ' ) ;  

t i l  0 ;  I i n i  i a l i s l ng f o r  summing up mass f l ows a t  '3 d c h  n l  I !. : 0 ;  1 1 )  Q ;  oj  1 0 ;  
B l Da d . '(C : =  0 ;  
B I Da t d . Y 1 ( m )  : =  0 ;  
B Dat a . P 1 Yc 0 ;  
B I Da t a . P i Y 1  : =  Q ;  
B I Dd t a . Q ( m !  : = 0 ;  

W r i te (m : J , ' ' ) ; 
Wr i t e t B I Da t a . Yc : 3 : 2 ,  ;In e I B I Da t d . Y l ! m !  : 1 : b , 'vol r I t e \ B I Da t � . P i  '( c : 8 : 1 , 
'"Jr i te ( B I Da t d . P 1 Y l : 8 : 1 ,  
Wr l l � ( B l Da a .  [ m l  : 9 : 8 ,  
·..Jr i t e l n t " ) ;  

Ass l gn ( l ,  ' E F F ECT F 1 . da t ' ) ; 
R�wr i t '3 ( f )  ; 
W r i t e i n l f , " ) ; 

' I ;  ' I ;  ' I ; ' I ;  ' I ;  

Wr i t e l n ( f , ' E F FECT F 1 . PAS ' ) ;  
W r i t e l n t f ,  ' FD r LOW f u l l y  dev e l oped W r i t e ( f ,  ' New, 0 2 / 0 1 / 9 1  ' ) ;  
Wr l t e I n ( f , ' no s uppor t ' ) ;  
W r t t e ( f ,  ' C= ' , C o  1 5 ) ; 
Wr i te { f , ' mf = ' , B I Oa t a . m f : 2 ) ; 
Wr i t e l n ( f , ' a l red :::o: ' , a l r ed : 4 : 3 , 
Wr i t e l n ( f , ' m Yc Y I  
W e i  te ( f ,  m :  3 ,  ' , ) ; 

f l ow, w l t h  a nd w i t hout support l a y e r , for f ru c t ose ' ) ;  

Ow" based on YO on l y ' ) ;  
P i { Y e ) MPa P i ( Y l ) Q { kq / m" 2 / s  x 1 0 e - 3 )  ' ) ;  
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�r i t e ! f . B I Da t d . Yc : )  

IJr � " � ( : , B I Dd t a . ·( l  [ m  
IJr l t e l f , B l Dd t d . P l YC 
Wr l t e t l , B t Da t a . P I Y l  
IJr i r � ( t , B I Dd t a . Q [ rn l  "-'r i t e l n ( f , " J ;  

, � � :  6 ,  
8 :  I ,  ' 
8 :  I ,  ' 
9 :  8) ; 

' I ;  
' I ;  ' I ; ' I ;  

r:-l ose « ( J ; 
Ass i qn ( j , ' e f fc p f l . d a t ' I ;  
Rawr i t e ( j  J ;  
Wr i t e l n ( j ,  ' E Ff"CP F I . PAS , CONCENTRAT ION PROF I LES ' I ;  
W r l te l n ' ' ' ) ;  
C l ose ( j )  ; 

Fcr m : =  2 to B I D d t d . m f � l  Do 
Begin 

Yc ( m- I I ' O . 0 5 ;  
Y l m i n  0 ;  
Y l m a x  ; =  Y c ;  
V i  O . S ·  ( Y l mi n f Y l m a x ) ; 
Ex i t l oop ; :  F a l se ;  
Whi l e  ( a bs ( Y l m i n - Y l m a x J  > 1 e - 1 2 )  and ( E x i t i oop - F\ d s e )  do 
Beg i. n  

M Y I  : =  Mo l e f ( Y I I ;  
MYc ; =  Mo l e f ( Ye l : 
pw : =  P i ( Y l I ;  
rhoYl : =  Dens i t y ( Y l ) ;  
OwYI : = Ow ( YI ) ;  
que" : =  Yc - Y J o ( 1  • ( ( C ' pw' h l / ( r hoY l o OwY I I I ' B l D a t a . l l l ;  
I f  guess m 0 t hen 
Beg i n  

E x i t l oop : =  True ; 
End 
E l s e  

I f  guess<O t h e n  
B e g i n  

Y l max V I ;  
Y I  : =  O . 5 ' ( Y l m i n + Y J max l ; 

End 
E 1. ,e 

I f  gues s > O  then 
Beg i n  

Y l m i n  V l ;  
V i  0 . 5 · ( Y l mi n + Y l m a x ) ; 

End; 
End ; 

mw : =  C ' pw; 
B I Da c a . mw ( m J  :- mw; 
B i D a t d . Yc : =  Y c ;  
B I Do t a . Y l l m )  : =  Y l ;  
q l  : - BLOa t a . mw l m ) ' L ;  
q l l  : =  q l ' wl ' cc l ;  
q 1 2  : - q l ' w2 ' cc2 ; 
q 1 3  : - q l ' wJ ' ee J ;  
B IO a t a . Q l m )  : - ( q l l + q I 2 + q I 3 ) / Am I ; 
B I O a t a . P i Yc : =  P i  ( Ye l ; 
B IDato . P i Y J  : - P i ( B I Oa t a . Y l l m ) ) : 

Wr i t e ( m : 3 , O 0 ) ; 
Wc i t e ( B l Da t a . Yc : 3 : 2 . ' 
Wr i t e ( B I O a t a . Y l l m ) : 7 : 6 ,  
Wr i t e ( B Io a t a . P i V e : 8 : 1 ,  
Wr i t e ( B I Oa t a . P i V l : 8 : 1 .  
Wr i t e ( B I Oa t a . Q l m )  : 9 : 8 ,  
W r i te l n (  0 ' ) ;  

' I ;  ' I ;  
' I ;  

' I :  
' I : 

M3 i g n ( f ,  ' EF F ECTF I . da t ' ) ;  
Append ( f ) ; 
Wc i te ( f . m : 3 , ' ' ) ;  
Wr i t e ( f , B I O a t a . Yc : 3 : 2 , ' ' I :  
We i te ( f .  B l Oa t a .  V I  ( m  I : "1 :  6 ,  0 ) ; 
W r i t e l f . ( B IOa a . P i Yc / l e6 1 : 8 : 1 , ' ' I ;  
W r i t e ( f ,  B I Oa t a .  P i V l : B :  1 , ' 0 ) ;  
Wr i t e ( f , ( B IO a t a . Q l m ) ' l e3 ) : 9 : 8 , ' ' I :  
fl'lr i t e  I n  ( f  • •  , ) ; 
C l ose t f ) ; 

1 1  m i n [ 3 , S , 8 . 1 1 , 1 � l t hen 
Beg i n  

. f  : .  2 0 ;  
s t e p  : = h i .  f ;  
sma l l y  : ::: 0 ;  
.( : .  B IO a t a . Y l l m ! : 

A.ss i gn ( j  • ' E F F C P F  1 . dd t o )  ; 
Append ( j  I ;  
Wr i t e l n { ) , ' d c  i v e  dnd f u l l y  deve l oped b i ,  no suppor t ' ) ; 
Wr i t e l n ( j , ' Vc y ( m ) a e e os s  bi YO Y ' ) ;  
Wr i t e ( j , B I O a t a . Ve : 4 : 3 . ' ' ) ;  
Wr i t e l j , sma l l y : 7 : 6 , ' ' I ;  
W r i t e ( j , B I O a t a . Y l l m l : 6 : 5 , ' ' I :  
W r i t e ( j , Y : 6 : 5 ) ; 
Wr i e l n t ) , I t ) ; 
� l ose ( i ) ; 
For p : =  2 to a f t l  00 
B�g l n  

pw : . P i  I B IOa t a . Y l l m ! l ;  
sma l l y  : =  sma l l y  + s t e p ;  
b r a c ket I : . 1 1 +  1 ( ( C ' pw' h ) / l r ho,(I ' OwY I I I ' B I Oa t a . l l / h ' sma l l y ) : 
Y : =  B I Oa t a . Y l l m ) ' bracket l ;  
Ass e g n  ( j ,  • EFFCP F l . d a t ' I :  
A. pend ( j l ;  
Wr i t e l j , B I Oata . Y c : 4 : 3 , ' ' I : 
Wr i t e ( j , sma l l y : 7 : 6 , ' ' ) ;  
Wr i t e l j , B I O a t a . Y l l m ! : 6 : 5 , ' ' I ;  
W r i t e ( j , Y : 6 : 5 1 : 
Wr i t e l n ( j , ' ' ) ;  
C l o. e l j l ; 

End; 

277 



E n d :  ::r,a ; i=.:n·::l; 
: f J>:-:-:,j !J f "?  -d i -: !..l l a t. : �n .:'  '/ d f  9 1 D a t d  

',' '3 r 
"{': , 
"(O ,  n ,  
Y i m i n ,  
Y l m a x ,  � I ,  q l l ,  1 1 2 ,  1 1 3 ,  
mw ,  
gue s s ,  
pwl ,  
pw2 , 
MY O ,  
MY I ,  MYe , 
Y a ,  
V b ,  
s t ep l ,  
s t e p2 ,  
sma l l y 1 ,  
sma l l y 2 ,  
b r a c ke t 1 ,  
rhoY 1 , 
rhoY O ,  
De Y I , 
Ow Y O  : Extended; 
m ,  
n ,  p ,  
a f  
Ex i t l oop 
f ,  

Beg l n  
W r i te l n ( '  

I nt e ge r ;  
Boo l e a n ;  

Tex t ;  

Ye 

B I Da t a . m f  : :  2 0 ;  
B I Da t a . I . - O , 3 4 t a l red ; 
m 1 ,. 

Y O  

'Jsmot i.:  Dd t .3  ) ; 

Y I  P i  l Y e )  P i  I Y O )  P i  I Y I ) 

q l l  : =  0 ;  { i n i t l a l i s i ng f o r  summing up mass f l ows at e a c h  n l  
g I 2  0 ;  
q l l  0 ;  
q l  . - 0 ;  
B I Da t a . Ye : =  0 ;  
B I D at a . YO l m j  : =  0 ;  
B 1D a t a . Y l l m j  : =  0 ;  
B I Da t a . P iYe 0 ;  
B I D a t d. . P iY O  0 ;  
B I Oa t a . P i Y 1  : =  0 ;  
B I Da t a . Q [ m l  : :  0 ;  

Wr i t e ( m : J , ' ' ) ;  
W r i t e { B I Da t a . Ye : 3 : 2 ,  , ' ) ;  
Wr i t e I B 1 Da t a . YO l m j : 7 : 6 , ' ' I ;  
W r i t e I B I D a t a . Y l l m j : 7 : 6 , ' ' I ;  
Wr i t e ( B I D a t a . P i Ye : 8 : 1 ,  , ' ) ;  
Wr i t e { B I D a t a . P i YO : 8 : 1 , ' ' ) ;  
Wr i t e ( B I Da t a . P i Y l : 8 : 1 , ' ' ) ;  
Wr i t e ( B I Da t a · Q l m j : 9 : a ) ;  
' .... r i t e l n  ( , , ) ; 

Ass i g n  I f ,  ' E F F ECTF I . da t ' ) ; 
Append I f ) ; 
W r i t e l n ( f , ' ' ) ;  

Q l kg / m ' 2 / s  ) ' I ;  

W r i t e l n ( f ,  ' FD F LOW f u l l y  deve l oped f l ow ,  w i t h  and w i thout suppo r t  l a yer , for f r u c t os e ' ) ;  
W r i t e ( f , ' New, 0 2 / 0 1 / 9 7 ' ) ;  
Wr i te l n ( f , ' w i t h  support ' ) ;  
W r i t e ( f ,  ' e= ' , e :  1 5 ) ; 
Wr i te ( f , ' m f ::: ' , B I D a t a . m f : 2 ) .-
TNr i te I n ( f ,  0 do 1 red = 0 ,  a I r ed :  4 : 3 ,  0 
W r i t e l n ( f . ' Owl based on Yl on l y ,  
W r i t e l n ( f , ' m Yc Y O  Y I  

� � t �: � � : � � �� � do � � � : J : 2 , 0 ' ) .-
W r i  t e  ( f ,  B l O a  t a  . YO [ m  J : 7 : 6 ,  0 0 ) ;  
Wr i t e ( f , B I Da t a . Y I [ m ) : 7 : 6 , , ' ) ;  
W r i t e ( f , B I D a t d , P i Yc : B : l ,  , ' I ;  
Wr i te l f , B l D a t a . P i YO : 8 : 1 ,  , ' I ;  
W r i t e ( f , B I D a t a . P i Y I : 8 : l , ' O J ;  
Wr l te l f , B 1 D d l a . Q [ m j  : 9 : 8 ) ; 
Wr i t. e l n  ( f ,  0 ' )  ; 
-: l os e  ( f )  .. 
For m : : � to B I Oa t a . m f + 1  00 
BO:?q l n  Ye I m- I ) ' O . 0 5 ; 

'( 1 m i n  0 ;  
',' l m d x  Y c ;  
"( 1 /) . '::1 ' l '( l m i n t Y l max ) .-
YO Y o :  
Ex i t l oop : :  F a l s e ;  

d s  -'" 0 ,  ds : 6 :  S )  ; 
Ow2 based on YO on l y ' ) ;  

P i  I Ye ) MP a  P i  ( "{ O )  P i  ( "{ I )  

:./h i l e ( a bs ( Y l m i n - Y l m a x )  -' l e - 1 2 )  d nd ( Ex i t l oop 
Boeg i n  

MYO . - Mo l e f l'{O ) : 
MY I Mo l e f I Y I ) ; 
MYc Mo l e t ( Ye ) ; 
pwl : =  P i I Y I ) ;  
rhoYI : =  Dens i t y I Y l ) ;  
De Y I  : = I ph i l t d u ) ' Ow I Y I ) ;  
Y O  : =  Y l ' l ex p l  I C ' pw l ' ds ) 1  I rhoY l ' De Y I ) ) ) ; 
pw2 : =  P i I Y 0 1 ; 
{"hoYO : -= Dens i t y ( Y O )  ; 

'�\ ( k'1 / m � 2 / s  x l Oe- 3 )  ' ) ;  
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-:MYC Ow ( 'f O I ;  '(c - ( YO " 1 1 • � ( { C · pwl · h J J ( r h o Y O · !)...tY O J J · B l Da t d . r ) ) ) ;  ,':juess 
: :  9 u e s s  
Beg i n  

= 0 t hen 

Ex i t l oop End 
E l s e  

; =  T r u e ;  

j f  1 U € s s < O  t hen 
Beg i n  

Y lmax Y l ; 
Yl : =  O . S · ( Y l m i n + Y l ma x ) .-

End 
E l s e  

I f  g u e s s > O  t hen 
Beg i n  

Y l m i n  Y 1 ;  
Y l  ; :  O . S ·  ( Y l m i n + Y l ma x ) ; 

End ; 
E n d ;  

m w  ; = C' pwl ;  
B I Da t a . mw ( m j  : =  row; 
B i Da t a . Yc Y c ;  
B I D a t a . YO [ m l  Y O ;  
B l Da t d .  Y I  [ m l  ; = Y l ; 
ql ; =  B I Da t a . mw [ m l ' L; 
q l l  ; ""  q l " wI " ee l ;  
q 1 2  : =  q l · w2 · cc 2 ;  
q l 3  ; =  q l ' w3 ' c c 3 ;  
B I Data . Q [ m l  ( q l l ' q I 2 + q 1 3 1 / Am ;  
B ID a t a . P i Yc P i  ( Y e ) ; 
B ID d t d . P i Y O  ; =  P i ( 8 IDat a . YO [ m l l ;  
8 1 Datd . P i Y I  ; =  P i ( 8 1Ddt d . Y l [ m l ) ;  

Wr i t e ( m : ) , ' ' J ;  
W r i t e ( B I D a t d . Yc ; 3 ; 2 , ' ' ) ;  
W r i t e ( 8 I D d t d . YO [ m l ; 7 ; 6 , ' ' ) ;  
W r i te ( 8 1 D d td . Y I [ m l : 7 : 6 , ' ' ) ;  
Wr i t e ( B I Da t a . P i Y c : 8 : 1 ,  . ' J ;  
Wr i t e { B I Da t a . P i 'f O : 8 : 1 , · ' J ;  
Wr i t e { B IDa t a. . P i Y l : 8 : 1 , ' ' ) ;  
Wr i t e I B 1 Da t a . Q [ m l  : 9 : 8 ) ;  
W r i te l n ( " ) ;  

Ass i g n ( f ,  ' EF F ECTF l . dd t ' ) ;  
Append ( f )  ; 
W r i t e ( f , m : 3 , ' ' J ;  
W r i te ( f , B ID d t a . Yc : 3 : 2 ,  . ' J ;  
Wr i t e ( f , B IDat a . YO ( m j  ; 7 : 6 , • ' J ;  
Wr i t e ( f , B I D a t a . Y l ( m l : 7 : 6 , , " ;  
Wr i t e l f ,  ( B I Dd t d . P i Ycl l e 6 )  : 8 : 1 ,  ' ' ) ;  
Wr i t e l f , B ID a t d . P i YO : 8 : 1 , ' ' ) ;  
Wr i t e ( f . B IDa t a . P i Y l : 8 : 1 , · ' J ;  
W r i te l f ,  I B I D d t d . Q [ m l ' l e 3 ) : 9 : 8 ) ; 
Wr i te In ( f  , , , ) ; 
C l ose l f ) ; 

I f  m i n [ 3 , 5 , 8 ,  I I ,  1 5 1 then 
Beq i n  

a f : = 2 0 ;  
s t e p 1  : '=  ds / a f ;  
s t ep2 : =  h / a f ;  
�ma l l y l  : '=  0 ;  
s md l l y 2  : =  0 ;  
Y d  : =  B ID a t a , Y l [ m l ; 
Yb : =  B ID d t d . YO [ m l ; 

As s ig n ( j , ' EFFCP F l . dd t ' ) ;  
Append I j ) ;  
Wr i t e I n ( j , ' ac t ive , s upport and f u l l y  dev e l oped bl ' ) :  
W r i t e 1 n ( j , ' ve y (m ) a c ro�� 5 1  V 1  Va y {m ) a c r oss b i  Y O  
Wr i t e { j , B 1 D a t a . Yc : 4 : 3 , ' ' J :  
Wr i t e  ( j  , sma 1 1  y 1 :  7 :  6 ,  ' , ) ; 
Wr i t e l j , B I D a t d . Y l [ m l : 6 : 5 , ' ' I ;  
Wr i te ( j , Va : 6 : � , ' ' ) ;  
W r i t e ( j , s md 1 1 y 2 : - : 6 , ' ' J ;  
'fir i t e l j , B I D d t d . Y O l m l : 6 : 5 ,  ' ' I ;  
Wr i t e  I j , Y b :  6 ;  5 )  ; 
W r i t e l n ( j .  t o ) ; 
r: l ose ( j ) ; 

For p : =  2 to a f + 1  Do 
Beq i n  

pwl : =  P i I B I D d t d . Y I [ m l ) ;  
pw2 : =  P i I B I Da t d . YO [ m ) ) ;  
sma l l y l  : =  sma l l y l  • s t ep 1 ;  
sma l l y 2 : =  smd l l y2 + s t ep2 ; 
Yd : "- B I Dd t a . ,( l ! m J " ( e xp ( C " pw l O sma l l y l / r hoY l I DeV l ) ) ;  
b r d c ket l : =  I I ,  I I C ' pwl ' h/ r h oY O / OwY O )  ' B IDd t d .  1 ) / h ' smd l l y 2 1 ; Yb : = B I D a t a . YO ! m J " br a c ket l ;  
As s i qn ( j ,  ' EFFCP F l . da t ' ) ; 
Append I j I ;  
Wr i t e ( j . 8 i D a t a . Yc : � : 3 . ' ' J ;  
Wr i t e ( j , sma i l y l  : 7 : 6 , ' ' ) ;  
W r i t e l j , B l Dd t d . Y I  [ m l  : 6 : 5 ,  ' ' I ;  
W r i t e l j , Yd : 6 : , , ' ' ) ;  
Wr i t e ( j . sma l l y 2 : 7 : 6 , ' ' J ;  
W r i t e l j , B l Dd t d . Y O [ m l  : 6 : , , ' ' ) ;  
W r i t e ( j , ,( b : 6 : S ) ;  
W r i t e l n ( j ,  t o ) ; 

C l os e t j ) ;  
End ; 

End : 
End ; 

End ; 

Proced u r e  Ca l c u l a t i o n 3  ( v a c  B I D a t a  

v a r  
Y c ,  
Y O ,  

Osmot i c_Dat a ) ;  
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Y b ' ) ; 



( , ( m l n ,  .( m a x , 1 · , 1 : 1 , 1 1 - , 1 1 3 , 
mw, 
Jues s .  
pw, MY O ,  MY l ,  I'rlo , 
sma l l y .  
s t e p ,  
Y , 
rhoY l ,  
DeYl 
m, 
n ,  
p , 
a f  
Ex i t l oop t ,  ) 

Beg I n  
Wr i e l n  ( .  

Extended; 

r n teger ; 
Boo l e a n ;  

Text ; 

Yc 

B I Da t a . m f 2 0 ;  
m 1 ; 

Y l  P i  I Yc )  P i  I Y 1 ) Q l kg / m " 2 1 s ) ' ) ;  

q l l  ; ""  0 ;  ( i n i t i , d i s i n g  for summing up mdSS f l Ch'S at each n l  
q 1 2  : =  0 ;  
1 1 3 0 ;  1 0 ;  
B ID a t a . Yc : =  0 ;  
B l Oat • .  Y l l m !  : "  0 ;  
B I Oat a . P i Yc 0 ;  
S ID a t a . P i Y l  ; :  0 ;  
B I Da t a . Q l m ]  : �  0 ;  

Wr l t e ( m : 3 , ' ' J ;  
Wr i t e ( B I D d t a . Yc : 3 : 2 , . ' J ;  
Wr i t e  I B IDat • .  Y I  1 m ! : 7 :  6 ,  ' ' ) ;  
Wr i t e ( B IOa t a . P i Yc : 8 : 1 , • ' J ;  
Wd t e I B l Oa t a . P i Y l : 8 :  I , ' ' ) ;  
W r i t e I B I Da t a . Q l m ]  : 9 : 8 ) ; 
Wr i te l n ( " ) ;  

Ass i gn ( f . ' e f f ec t f l . da t · J ;  
Append I f l ; 
We i t e i n ( f ,  " ' ;  
W r i te i n ( f , ' EF FECTFI fu l l y dev e loped f 1 """. wi t h  and w i t hout support l a y e r ,  for f r u c t ose ' ) ;  
W r i t e  I f ,  'New, 02/ 0 1 / 97 ' ) ;  
Wr i te l n ( f ,  ' w i t h  support , no bound a r y  l a yer ' ) ;  
We i t e  I f , ' C� '  , C :  1 5 )  ; 
Wr i t e ( f , ' mf '" . , BI D a t a . m f : 2 ) ; 
Wr i t e I n ( ! , ' a I red - . , a l red : 4 : 3 , ' ds = ' , ds : 6 : 5 ) ; 
W r i t e l n ( ! , ' [)wI based on Y l  on l y ' ) ;  
W r i t e l n ( f , ' ph i  = ' , ph i : 4 : 3 , ' a u "" ' , t au : 4 : 3 ) ;  
W r i t e l n ( f . ' m Yc Y I  P i I Yc ) MPa P i l Y l I Q l kg/m" 2 1 �  x I Oe - J )  ' ) ;  
W r l t e ( f , m : 3 , ' ' ) ;  
W r i t e l f , B I Dat a . Yc : J : 2 ,  ' ' I ;  
Wr i t e ( f , B I Da t d . Y l ( m j : 7 : 6 , I ' j ;  
W r i t e ( f , B I D a t a . P i Yc : 8 : 1 ,  ' ' j ;  
Wr i te ( f . B I Da t d . P i Y l : 8 : 1 . I ' j ;  
W r i t e l f , B 1 Da t a . Q { m !  : 9 : 8 ) ; 
Wr i t e l n ( f , " ) ;  
C l os e l f )  ; 

For m : =  2 to B I Da t a . m f t l  Do 
Beg l n  

Yc 1 m- I )  ' 0 . 0 5 ; 
,( l m i n  0 ;  
Y l ma x.  Y c ;  
Y l  O . S · ( Y l mi n . Y l ma x l ; 
Ex. i t loop : =  F a l s e ;  
Wh i l e ( a bs ( Y l m i n - Y l m a x )  > l e - 1 2 )  a n d  ( Ex i t l oop Fd l s � l  do 
Beq l n  

M Y I  : " Mo l e f  I Y I ) ;  
HYc : = Mol e f ( Yc ) ; 
pw : "  P i I Y I I ;  rhQYl  : ::::r Dens i t y ( Y l ) ;  
D�YI I ph i / t a u l ' Ow I Y I ) ;  
luess : "  I Yc ' ex p l - I I C' pw' ds ) / l r hoY I ' De Y I I I ) )  - '( 1 ;  I f  guess -= 0 t h e n  
B�g i n  

E x i t l oop : =  T r u e ;  
End 
E l se 

End; 

I f  ques s� O t hen 
Beg i n  Y l ma x  Yl ; '(1 : -= 0 . 1) ' ( Y l m i  n . Y l ma x ) ; 
End 
E l s e  

I f  guess -'O then 
Beg i n  

·( 1 m l n  '( 1 ;  '( 1 O . C;, · ( '( 1 m i n + Y l md x. ) ; 
End ; 

mw : :::;. C ' pw ;  
B I Dat a , mw [ m !  :=  row; 
B I Da t a . '(c : =  Ye ; 
B I Da t a . Y l l m ]  : "  Y I ;  
q l . - B ID a t a . mw l m ! ' L ; g i l  q l ' w l ' cc l ;  
q 1 2  : "  q l ' w2 ' cc 2 ;  
q 1 3  : =  q l · w3 * ce 3 ; 
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B l  Ddt a . Q 1 m  I 
B 1 Dd t d . P i Yc 
B 1 Da t d . P i Y l  

Wr i t e ( m : J , ' ' ) ;  

I g l l ' q l: > q l J I / M ;  
P i  I Y c  I ; 
Pi I B 1 Dd t a . Y l l m l  I ;  

Wr l te ( B l D a t d . Yc : 3 : 2 ,  . , 
"r i t e I B 1 D a t a · Y l l m l ; 7 : 6 , ' ' I ;  
Wr i t e ( B I D a t a . P i Yc : 8 : 1 ,  . ' J ;  
"Nr i t e ( B I D d t d . P i Y l : B : l , ' ' J ;  
W n t e l B1 D a t a . Q l m l  : 9 : 8 1 ; 
W r i t e l n ( " ) ;  

A!;s i gn ( f ,  ' e f fe c t f l . da t  ' J ;  
Append I f ) ; 
Wr i t e ( f , m : 3 , ' ' J ;  
Wr i t e ( f , B I Da t a . Yc : 3 : 2 ,  . ' J ;  
W r i t e l f , B 1 D a t a . Y l l m l : 7 : 6 , ' ' j ;  
Wr i t e l f , ( B l Dd t a . P i Yc l l e 6 1 : 8 : 1 ,  ' ' I ;  
Wr i t e ( f , B I D a t a . P i V l : 8 : 1 ,  . ' ) ;  
Wr i t e ( f ,  ( B 1 Da t a . Q l m l · l e 3 1  : 9 : 8 1 ; 
W r i t e l n ( f ,  " ) ;  
C l o.e ( f l ;  

I f  m i n I 3 , 5 , 8 , 1 1 , 1 5 I t hen 
Beg i n  

a f : :  2 0 ;  
s t ep : = d s  I d f ;  
sma l l y : :  0 ;  
Y : =  B I D a t a . Y l ( m ) ;  

Ass i gn ( j ,  ' E F F CP F I .  d a  t ' I ;  
Append ( i  I ; 
Wr i te i n ( j , ' dc t i v e  and suppo r t ,  no b i ' ) ;  
Wr i t e i n ( j ,  ' Ye y { m ) a c ros 5 3 1  Y I  Y ' ) ;  
Wr i t e ( j , B I Da t a . Yc : 4 : 3 , · ' ) ;  
Wr i t e ( j , .sma l l y : 7 : 6 , ' o J ;  
W r i t e ( i , B l Da t d . Y l l m l : 6 ; 5 , ' ' I ;  
Wr i t e ( i , Y : 6 : 5 1 ; 
Wr i t e l n ( j , " ) ;  
C l os e  ( j ) ; 

For p : =  2 to o3 f + l  Do 
Beg i n  pw : : P i  ( B I D a t a . Y l l m l l :  

smd l l y : =  sma i l y  + s t e p ;  Y : : B I Da t a . Y l l m l ' ( exp I C ' pW sma l l y/ rhoY l / De Y l l l : 
A.s s i gn ( i ,  ' E FF C P F l . d a t ' l :  
Append ( i l : 
Wr i t e ( j , B ID a t a . Yc : 4 : 3 , · ' ) ;  
Wr i te ( j , sma l l y : 7 : 6 , ' ' ) ; 
Wr i te ( i , B 1 D a t a . Y l l m l : 6 : 5 , ' ' I :  
W r i te ( j , Y : 6 : 5 )  : 
Wr i t e l n  ( j , ' f ) ;  
C l ose ( i l : 

End: 
End : 

End ; 
End ; 

Beg i n  
c 1 r !l c r ;  
C' d i c u l d t  on l ( BDa t a ) ;  
Ca l cu l a t  on2 ( BDa t a ) ; 
Ca l c u l a t  on 3 ( BD a t a  ) ; 

End . 

(w thout support l a y e r , w i t h  f u l l y  deve l oped f l ow l  
{ w  t h  support l a y e r ,  w i t h  f u l l y  devel oped f l ow )  
( w  t h  support l a ye r ,  w i t hout f u l l y  devel oped f l ow )  
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